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Abstract 
This thesis details the design, fabrication and characterisation of a 13 mm-diameter axial flow 
microturbine with an integrated electromagnetic generator. Axial turbine blades are not 
amenable to fabrication by traditional MEMS (micro-electromechanical systems) processes 
because they cannot be produced by machining prismatic shapes into the rotor disc; the 
direction of machining has to change as material is removed to produce the required blade 
curvature. This challenge was met by laser machining the blades with a novel moving-mask 
process so as to produce a step-wise approximation to the desired profile.  
The chosen material for making the microturbine rotor was the negative photo-resist 
SU-8. Once properly cured into its solid state, this polymer becomes very durable and 
dimensionally stable. The SU-8 was readily preformed using lithography and RIE (reactive 
ion etching), and was also responsive to excimer laser ablation as necessary for finishing the 
blade profiles. The microturbine was designed to be assembled into a stacked MEMS device 
comprising a rotor embedded with ten rare earth magnets sandwiched between upper and 
lower silicon stators carrying electroplated generator coils. 
Characterisation of the turbine showed that mechanical losses, mainly in the bearings, 
were significantly reducing the efficiency. A laser scanning vibrometer (Polytec MSA-400) 
was used to measure the turbine rundown time which was found to be only ~150 ms due to 
high bearing friction. The in-plane and out-of-plane vibration (wobble) of the rotor as it spun 
around on its micro roller bearings were also mapped to determine if bearing alignment was 
reducing power output. The out-of-plane vibration was found to be the main problem, so a 
new one-piece rotational support holder was constructed for the device.  
Some microturbine rotors were found to shatter above 100,000 rpm, and this led to 
interest in the mechanical properties of the cured SU-8. Firstly, PGAA (prompt gamma 
activation analysis) was used to measure the constituent element percentages and 
contaminants in a range of SU-8 samples subjected to different heat curing temperatures and 
UV cross-linking times. It was of interest to see how the O and H percentages changed as 
these are normally expected to vary depending on temperature and humidity. SANS (small 
angle neutron scattering) tests were also performed using a 10 MW reactor which measured 
sub-surface scattering for the same samples to reveal material defects. 
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Chapter 1 
 
 
Introduction 
 
 
The miniaturisation of electronic devices in the microelectronics industry has been influential 
for similar size reductions in the mechanical devices industry, making it possible to deliver 
new types of miniature sensor that include mechanical functionality. This tendency is most 
evident in the field of micro-electromechanical-systems (MEMS) [1.1] which is based around 
the use of semiconductor processing to realise micromechanical devices and systems. Over 
the past ~20 years MEMS has grown into a large individual technology field of its own, 
moving away from its past in the microelectronics industry. Nevertheless, one of the aims of 
MEMS technology remains the development monolithic systems combining sensing, 
actuation and decision making by on-board electronics.   
 
MEMS share the same production advantages as integrated circuits (ICs) in that they can be 
produced in batches, with very high reproducibility as a result of the precision materials 
processing methods (e.g. lithography and etching) that are used to make them. A notable 
example of recent MEMS technology is the MEMS LOC (lab-on-a-chip), which is capable of 
performing high-level chemical processing for fast chemical or biomedical diagnostics. Such 
small-scale devices can allow viruses to be manipulated and help bioinformatics systems to 
classify genetic diseases. This enabling technology has also accomplished millimetre-sized 
inkjet printer heads, airbag accelerometers and micro-pumps (e.g. insulin administrators). 
 
Apart from these applications, another important area of development within MEMS is that 
of portable power generation. The relatively low-power requirements of most modern 
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portable electronic devices may still be met by mature technologies such as chemical 
batteries. However, Power MEMS devices such as fuel cells [1.2] and gas turbines [1.3] have 
the potential to achieve power densities 50-200 times higher than the best battery 
technologies. Such devices could provide months of operation on a quick charge of fuel, 
making them ideal for the growing demands of electronic devices such as laptops, mobile 
phones, PDAs, GPS receivers, wrist-top receivers, remote devices and satellites. For other 
applications requiring lower levels of power, it may be possible to extract power from the 
surroundings by energy harvesting [1.4], for example from ambient vibrations, temperature 
gradients or ambient electromagnetic radiation (including light, radio waves…).  
 
The main objective of the present research was to develop a MEMS device that could extract 
power from air flow and also act as an air speed sensor. The work led to the development of a 
novel MEMS energy harvester based around an axial-flow microturbine. A cross-sectional 
view of the device is shown in Figure 1.1. It has a sandwich structure consisting of two 
silicon stators placed either side of a polymer rotor. The upper (or inlet) stator has curved 
guide vanes – also made in polymer - which deflect the incoming axial air flow, giving it 
tangential component. The flow then passes through the rotor where it is deflected back to the 
axial direction; in this process the air does work on the rotor and power is extracted. The 
turbine is loaded by an integral electromagnetic generator which converts the mechanical 
shaft power into an electrical output. The generator consists of a ring of permanent magnets 
embedded in the rotor and a series of planar coils on the stators. 
 
 
 (a) (b) 
Figure 1.1.  MEMS power generator based on an axial-flow microturbine with an integrated 
permanent magnet generator: (a) cross-section; (b) rotor blade and guide vane profiles. 
17 
 
The device in Figure 1.1 was originally aimed at air speed sensing on un-manned military 
flight vehicles where flow speeds up to several hundred meters per second might be 
encountered. Other types of air speed sensor can be used for this application, but the turbine 
presented here offers an advantage in terms of robustness in that it produces an AC output 
and therefore cannot falsely indicate that the vehicle is moving when it is not. The generation 
of a frequency output (as opposed to a DC voltage or current) can also be attractive in other 
applications because of improved noise rejection. It was not expected that the device would 
be able to harvest energy from ambient air flow in terrestrial applications because the flow 
speeds are generally very low (typically only up to a few m/s). However, it might be used in 
conjunction with a finite source of compressed gas, for example in a pressurised canister. 
This could be attractive for defence applications because, unlike fuel burning power sources, 
it would run cool and thus have an advantage with respect to surveillance. Also, as a use-once 
power source it would offer a much longer shelf life than a chemical battery. 
 
The following sections outline the design, fabrication and testing of the microturbine. This 
work was carried out in collaboration with Dr Guodong Hong, a postdoctoral researcher in 
the Optical and Semiconductor Devices Group. Dr Keith Pullen, a member of academic staff 
in the Mechanical Engineering Department at Imperial College, assisted with the turbine 
design. The Author’s work was focused mainly on fabrication and some re-design of the 
polymer rotor and stator parts, characterisation of the material used to make these 
components, testing of the device, and designing new test fixtures; these aspects are covered 
in detail in Chapters 3, 4 and 5. The author also contributed to development of the SU-8 
reactive ion etching process described in Section 1.3. 
 
1.1 Scaling Considerations 
This section briefly reviews the scaling laws for turbomachinery [1.5] as these have important 
implications for the performance of miniature turbines. The key design variables for a turbine 
are the turbine shaft power P, the volume flow rate Q, the rotor diameter D, the rotation speed 
N, the roughness of the machine surfaces ε and the fluid properties (density ρ and viscosity 
μ). Since there are seven variables and three fundamental dimensions (mass, length and time), 
four non-dimensional groups can be formed as follows: 
 

 D
ND
ND
Qf
DN
P 


 ,,
2
353  (1.1) 
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where the exact form of the function f depends on the particular turbine design. The first three 
non-dimensional groups are: 
 Power coefficient:  53DN
PCP   (1.2) 
 Flow coefficient: 3ND
QCQ   (1.3) 
 Reynolds number: 
 2NDRn   (1.4) 
so that Equation (1.1) can be expressed in the form: 
  DRnCfC QP /,,   (1.5) 
Considering the terms on the right-hand-side of this equation, the flow coefficient is simply a 
normalised flow rate (it is proportional to the ratio of the incoming flow velocity to the 
peripheral speed of the rotor), while the Reynolds number describes the ratio of inertial to 
viscous forces in the fluid. Low Reynolds number flows (below ~2000) are laminar and 
dominated by viscous forces, while high Reynolds number flows (above ~10,000) are fully 
turbulent and dominated by inertial forces. The final term is the relative roughness of the 
machine surfaces i.e. the roughness in comparison to the machine size.  
 
Equation (1.5) can be used to predict some important aspects of scaling behaviour in 
turbomachinery. For example, if two machines are geometrically similar but of different size, 
then they will be expected to have similar power coefficients provided they are operated at 
the same values of CQ, Rn and ε/D.  Under these conditions the output power will scale 
according to:  
 53DNP       (CQ, Rn, ε/D constant)  (1.6) 
From this equation we can see that, in order to avoid a very rapid fall off in power with the 
machine size, it is necessary to increase the rotational speed as the turbine becomes smaller. 
For example, ignoring Reynolds number and roughness effects, if the rotational speed is fixed 
(N = const.) then the power will scale as P  D5, while varying the speed in inverse 
proportion to the machine size (i.e. N  D-1) will give P  D2 which is much more 
favourable.  
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A major problem with downsizing turbines down to mm-scale, or even just cm-scale, is that 
increasing the rotation speed is generally only sustainable up to a certain point due to speed 
limitations imposed by the bearings. Furthermore, even if the rotation speed can be increased 
in a modest way, for example to give constant power density (i.e. N   D-2/3), there will 
inevitably be a drop in Reynolds number and this will degrade performance i.e. lower the 
power coefficient. There are two distinct mechanisms for this degradation of performance at 
low Rn: firstly, viscous losses in the turbine passages, due to friction between adjacent layers 
of the fluid, become more significant; secondly, separation of the flow from the turbine 
blades is also more likely to occur, which further reduces efficiency [1.6].  
 
Along with the reduction in Reynolds number, down-sizing tends to be accompanied by an 
increase in the relative roughness of the machine surfaces; generally this is expected to 
increase frictional losses, although some degree of roughness can be beneficial at low 
Reynolds numbers because it can help to prevent flow separation. The relative clearances 
between the turbine components also tend to become larger, and this can lead to unwanted 
fluid leakage paths that would not be present in a larger machine.   
 
1.2 Axial versus Radial Turbines 
Reaction turbines (i.e. turbines in which the working fluid fills the blade passages) are 
classified as radial-flow, axial-flow or mixed-flow according to the path taken by the fluid 
while it is delivering power to the rotor [1.5]. The flow in an axial device passes through the 
rotor with a significant velocity component parallel to the rotation axis (as in Figure 1.1), 
while in a radial-flow turbine it lies predominantly in the plane of the rotor, at least until it 
reaches the centre when it is turned towards the axial direction. In mixed flow designs the 
flow transitions from radial to axial while still interacting with the rotor.  
 
Previous work on MEMS turbines was focused on radial-flow designs. These were aimed at 
fuel-burning power sources where the turbine would be operated at high temperature and 
high inlet pressure [1.3]. Radial turbines are well suited to this kind of application because 
they naturally work at higher pressure ratios (i.e. higher ratios of inlet to outlet pressure). 
Moreover radial turbine blades are relatively straightforward to fabricate by conventional 
silicon processing methods because they can be vertical-sided structures that curve only 
within the plane of the rotor.  
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For applications of the kind envisaged in this thesis, where power is to be extracted from an 
ambient flow, axial-flow turbines are preferred because they can operate at very low pressure 
ratios. For a given machine size, an axial-flow turbine can present a larger cross-section to 
the flow and a less constricted flow path than a radial-flow design. This is an important 
consideration because the pressure ratios achievable in ambient energy harvesting tend to be 
very low. To quantify this, for an energy harvester placed in an air-stream with flow speed 
U0, the maximum pressure that can be realised, by bringing the fluid to rest, is given by the 
stagnation pressure [1.5]: 
 202
1
0 Upp   (1.7) 
where p is the pressure of the moving air-stream. Even at a relatively high flow-speed of 100 
m/s, the pressure rise at a stagnation point is only 6 kPa, corresponding to a pressure ratio of 
1.06. For comparison, a fuel-burning MEMS turbine might be operated at a pressure ratio of 
up to 4 [1.3]. It is noted that Equation (1.7) is for an incompressible fluid, and that strictly the 
compressible form should be used for air. However, the incompressible form is more 
straightforward and gives a good approximation at low pressure ratios.  
 
Axial-flow turbines are difficult to realise using MEMS technology because, to produce the 
necessary curved profiles on the rotor blades and guide vanes, it is necessary to fabricate 
structures where the sidewall angle evolves with depth in a controlled manner. The approach 
taken in this work was to use a combination of conventional UV lithography and laser 
micromachining to produce SU-8 polymer rotors and stator inserts with the required blade 
and guide vane profiles. SU-8 is a negative tone photoresist which is very popular in MEMS 
fabrication [1.7]; it was chosen for this work because it can be processed in relatively thick 
layers (up to several mm) and is mechanically and chemically robust once cured.  
  
1.3 Turbine Design and Fabrication 
1.3.1 Turbine Design 
Design of the turbine stage was carried with the assistance of Dr Keith Pullen. The design 
was based purely on elementary turbomachinery theory. No attempt was made to optimise the 
geometry, for example by numerical analysis, since the objective was only to demonstrate a 
first device which could later be refined if the initial performance looked promising. The 
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initial design of the permanent magnet electromagnetic generator was not part of the Author’s 
project, and will not be discussed in this thesis. Details can be found in [1.8].  
 
The three main design parameters for fixing a turbine geometry are the pressure ratio, the 
annulus dimensions (inner and outer diameters of the fluid channel) and the rotation speed. In 
this work the inner diameter of the turbine was dictated by a decision to use conventional ball 
race bearings (BOCA type SMF681) with a main body outer diameter of 3 mm and a flange 
diameter of 3.8 mm, together with 1 mm-diameter permanent magnets for the generator. 
Based on these dimensions the generator was assigned inner and outer diameters of 4.2 mm 
and 7.4 mm, and the turbine inner diameter was set to 8.0 mm, leaving just 300 μm clearance 
around the generator. The turbine outer diameter was set to 11.0 mm; this value was more 
arbitrary, but was chosen to give a modest diameter ratio so that it would not be essential to 
vary the rotor blade angles with radius. The nominal rotation speed assumed in the design 
process was 3000 rad/s (~29,000 rpm) which was approximately 30% of the rated maximum 
speed of the bearings.  
 
To simplify fabrication, it was decided to use the same profiles on the rotor blades and the 
inlet stator guide vanes. Furthermore, these were to be designed such that the flow exiting the 
rotor should be purely axial at the nominal shaft speed, allowing straight guide vanes to be 
used on the lower stator. Figure 1.2 shows the proposed arrangement of the blades and guide 
vanes, together with the corresponding velocity triangles (vector diagrams) relating the 
various velocities [1.9]. As is normal for this kind of diagram, it is intended to represent the 
fluid flow through the stage at the mean radius R. V1 and V2 are the absolute velocities of the 
fluid when entering and leaving the rotor, respectively, while W1 and W2 are the 
corresponding velocities relative to the rotor. At the design point these vectors should be 
aligned to the blade surfaces as shown. U is the speed of the rotor blade at the mean radius, 
i.e. U = Rω where ω is the angular rotation speed. The axial component of the fluid velocity, 
Va, is assumed to remain constant through the device, and from the velocity triangles it can be 
seen that Va = W1 = V2. 
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Figure 1.2.  Blade and guide vane profiles for the turbine stage, with associated velocity triangles.  
 
The torque exerted by the fluid on the rotor is equal the time rate of change of the fluid 
angular momentum as the fluid passes through the rotor. This can be expressed as: 
 )( 21 tt RVRVmT    (1.8) 
where m  is the mass flow rate and Vt1, Vt2 are the peripheral components of the velocities V1 
and V2. The power extracted by the rotor is therefore: 
 )()( 2121 tttt VVUmVVRmP    (1.9) 
This is one form of the Euler turbomachine equation [1.9]. For the particular design in Figure 
1.2, it can be seen that Vt1 = U, and Vt2 = 0 so that Equation (1.9) reduces to: 
 2UmP   (1.10) 
The turbine was designed for a nominal shaft power of P = 50 mW, which was seen as a 
reasonable target value for a cm-scale harvester. Assuming a rotation speed of 3,000 rad/s, 
and a mean radius of 4.75 mm, the blade speed is 14.25 m/s and the mass flow rate required 
to achieve the design output power is 0.25 g/sec. From this the axial component of fluid 
velocity may be obtained using the relation: 
 aAVQm    (1.11) 
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where A is the cross-sectional area of the flow. Putting A = 45 mm2 (annulus cross-section 
corresponding to inner and outer diameters of 8.0 mm and 11.0 mm),  m  = 0.25 g/sec and ρ = 
1.2 kg/m3 (air at room temp and pressure), Equation (1.11) gives Va = 4.63 m/s and a volume 
flow rate of Q = 12.5 LPM (litres per minute). 
 
Given the blade speed and the axial component of fluid velocity, the angle α1 can be 
determined from the velocity triangles as α1 = tan-1(Va/U) = 18°, and this in turn defines the 
exit angles on the guide vanes and rotor blades. 
 
1.3.2 Stator Fabrication 
The stators were fabricated by a combination of silicon deep reactive ion etching (DRIE) and 
electroplating. This work was carried out by Dr Guodong Hong. Figure 1.3a shows key 
stages in the process. First, cavities were etched in the back side of a 4”-diameter silicon 
wafer and filled with electroplated nickel to form a magnetic yoke for the generator (Figure 
1.3a top). Two-layer planar coils were then formed on the front side by multi-layer UV 
lithography and copper electroplating (middle). A combination of SU-8 and normal 
photoresist was used in this process, ultimately resulting in the coils being completely 
embedded in SU-8. Finally, apertures were opened right through the wafer to provide an air 
path and holes for the bearings and assembly bolts (bottom). 
 
   
 (a) (b) 
Figure 1.3.  (a)  Stator fabrication process, after back-side processing (top), coil fabrication (middle) 
and through-wafer etching (bottom). (b) SEM image of a stator coil prior to deposition of the top SU-
8 embedding layer.  
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In order to etch the apertures through the wafer, it was necessary to pattern the cross-linked 
SU-8 layer which was 60 μm thick following the coil fabrication process. An RIE process for 
SU-8 was developed specifically for this purpose. This was a particularly novel aspect of the 
process flow. The development work, which was carried out by Dr Hong with assistance 
from the Author, was reported in [1.10].  
 
1.3.3 Rotors and Stator Inserts 
As noted earlier, the rotor blades and stator guide vanes were produced in cross-linked SU-8 
by laser micromaching. The stator guide vanes were formed within inserts that were designed 
to fit into the apertures in the silicon stators. Figure 1.4 shows the blade profile, which for 
simplicity was not varied with radius, together with CAD images of the target forms for the 
rotor (with shaft in place) and inlet stator. The four positions on the stator insert where there 
are missing guide vanes correspond to silicon spars on the stator that support the central disc 
where the bearing and generator coils are mounted.  
 
           
 (a) (b) (c) 
Figure 1.4.  (a) Target profile for rotor blades and guide vanes. (b), (c) CAD images of rotor (with 
shaft inserted) and inlet stator insert.  
 
The blade profile in Figure 1.4a was designed for ease of manufacture and robustness rather 
than for optimal performance. In particular, the leading edge was made relatively wide (200 
μm) because of concerns that thinner structures might be too fragile. In fact it was 
subsequently shown that the blades could be made significantly thinner (down to 50 μm) 
without the rotors becoming too delicate, and examples are shown in Chapter 3. Thinner 
blades are expected to perform better as they are less likely to cause flow separation; they 
also allow for wider, less constricted flow passages.  The numbers of blades on the rotor was 
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set at 31, which left a minimum clearance of ~200 μm either side of each blade to make the 
laser micromachining easier. It is common to use a prime number of blades - or at least to 
ensure that the rotor blade number and the guide vane numbers are relative primes - as this 
avoids multiple pairs of blades and guide vanes coming into alignment simultaneously and 
causing large fluctuations in the flow. There were 28 flow passages on the inlet stator, in four 
groups of 7. 
 
Rather than laser machining the rotors and stator inserts from solid, which would have been 
slow and expensive, SU-8 preforms were made by UV lithography. The lithography was 
carried out on 4”-diameter silicon wafers with a 10 μm-thick copper sacrificial layer. The 
performs were 1 mm-thick and formed by depositing and patterning two layers of SU-8, each 
500 μm thick. After the second lithography step the parts were released by etching the 
sacrificial layer. SEM images of a rotor preform and an inlet stator preform are shown in 
Figure 1.5. In each case the region corresponding to the annulus is divided into a number of 
600 μm-wide blocks, from which material can be removed to form a blade or guide vane.  
 
   
 (a) (b) 
Figure 1.5.  SU-8 preforms for (a) rotor and (b) inlet stator insert. 
 
1.3.4 Final Assembly 
To assemble each turbine, the permanent magnets and a precision machined steel shaft were 
inserted into the cavities in the rotor, and secured with SU-8 which was applied locally and 
then UV-cured. The device was then assembled on an alignment jig and bolted together 
between two aluminium face plates. An SU-8 spacer was used to define the separation of the 
stators, the spacer thickness being chosen to give a nominal rotor-stator gap of 300 m above 
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and below the rotor. The setting of this gap is a compromise - it should be small to avoid 
leakage flows in the rotor-stator gap and ensure strong magnetic coupling between permanent 
magnets and the stator coils; however if it becomes too small then viscous drag between the 
rotor and stator will become excessive. This trade-off was not explored in detail, and should 
be investigated in future work. Figure 1.6a shows a photograph of an assembled turbine, view 
from the outlet side. The outlet stator insert has been removed and the rotor is visible, as are 
the silicon spars on the outlet stator.  
 
   
 (a) (b) 
Figure 1.6.  (a) Photograph of assembled microturbine, viewed from outlet side with stator insert 
removed. Outer dimensions including metal faceplates are 18189 mm3. (b) Same device with nose 
cone and exit diffuser fitted for testing.  
 
1.4 Performance 
Functional tests of prototype microturbines were carried out using compressed nitrogen. The 
turbine was mounted in a test jig comprising a long tube with an 11.0 mm bore (to match the 
outer diameter of the turbine annulus). An inlet cone and an exit diffuser were fitted, as 
shown in Figure 1.6b, to eliminate pressure losses that would occur with abrupt changes in 
the channel cross-section. The pressure drop across the device was measured by a manometer 
connected via small (0.5 mm diameter) holes in the tube immediately upstream and 
downstream of the device, while the volume flow rate was measured using a precision gas 
flow meter.  
 
Figure 1.7a shows the measured variations with volume flow rate of the electrical output 
power (into a matched load) and pressure drop for one particular device. It can be seen that 
the threshold pressure drop for activation of the device is very low, at around 3 mbar. This is 
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encouraging as it suggests the device could be used for harvesting from relatively low speed 
flows. Figure 1.7b shows the corresponding variation of rotation speed with flow rate. 
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 (b) 
Figure 1.7.  Measured variations of (a) electrical output power (red) & pressure drop (blue), and (b) 
rotational speed for a prototype microturbine operated with compressed nitrogen.  
 
From the data in Figure 1.7a, it can be seen that the device is operating very inefficiently, i.e. 
the output electrical power is significantly lower than the power delivered by the gas flow. 
For example, at a flow rate of 35 LPM the pressure drop is 8 mbar, implying an input power 
(pressure drop × flow rate) of ~470 mW, whereas the output electrical power at this point is 
only 1 mW. The main reason for this very low measured efficiency is that the electrical 
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generator was unable to load the turbine to any significant extent so as to vary its operating 
point. It was therefore not possible to adjust the turbine operating point for best performance. 
It is expected that if a heavier load could have been imposed on the turbine then higher output 
powers would have been achieved, and higher efficiencies recorded. However, at the same 
time it was clear that there were significant losses associated with the bearings; these are 
investigated further in Chapter 5.  
 
1.5 Thesis Summary  
The remainder of this thesis is organised into the following five chapters: 
Chapter 2 contains an overview of previous research in the areas of energy harvesting and 
power-MEMS, focusing in particular on microturbines. Methods for 3D fabrication in SU-8 
photoresist are also discussed. 
Chapter 3 describes the laser micromachining methods developed for fabricating the complex 
3-dimensional structures required for the axial-flow microturbine. This work was crucial to 
the development of the device.  
Chapter 4 is a materials analysis chapter describing the use of small angle neutron scattering 
(SANS) to analyse the SU-8 polymer from which the microturbines were made. The use of a 
second technique, prompt gamma activation analysis (PGAA), is also described. This was 
used to find the elemental composition of the SU-8, and further to confirm if the composition 
of the SU-8 was affected by storage or processing.   
Chapter 5 describes how a scanning laser vibrometer (Polytec MSA-400) was used to 
measure the effects of friction on the rundown of the rotating microturbine, and the vibration 
experienced by the microturbine rotor during operation.  
Chapter 6 summarises the main achievements of the author’s PhD project and makes 
suggestions for future work. A list of the Author’s publications is included at the end of this 
chapter.  
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Chapter 2 
 
 
Literature Review 
 
 
This chapter reviews developments in the field of PowerMEMS, including both fuel-burning 
power sources and ambient energy harvesting devices. Some emphasis is placed on 
microturbines as these are most relevant to the work reported in this thesis. Previous work on 
fabrication of 3D structures in SU-8 is also briefly discussed. 
 
2.1 MEMS Power Sources 
The field of Power MEMS, which has been growing steadily over the past 20 years, is 
concerned primarily with developing new types of miniature power source that might replace 
chemical batteries in portable electronic devices. While battery technology continues to 
advance, with the explosive growth in the numbers of electronic devices used in everyday life 
the need for regular replacement/recharging of batteries, together with environmental 
concerns, are becoming more of an issue.  
 
MEMS power sources can be divided into two classes: those that require a supply of fuel, and 
those that scavenge or harvest energy from their surroundings. Like secondary batteries, fuel-
burning sources require recharging at intervals; however, they can potentially achieve much 
higher energy density than batteries, and recharging is a quicker process. Energy harvesters 
offer the possibility of long-term operation with zero maintenance, but the power levels 
produced are generally low. The following sections give an overview of the main types of 
device in each class, with a more detailed discussion on the turbine-based devices which are 
closest to the present work.  
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2.1.1 Power Sources requiring a Fuel Supply 
 
Miniature Gas Turbines  
The highest profile research to date in the field of fuel-burning MEMS power sources was the 
MIT gas turbine project which ran for about 8 years from the mid 1990s [2.1, 2.2]. The aim 
was to develop a cm-scale power source incorporating all the elements of a gas turbine 
generator, i.e. compressor, combustion chamber, turbine and electrical generator. The original 
intention was also to include a heat exchanger to recycle some of the waste heat from the 
turbine back to the compressor (a recuperated cycle), although this was never implemented.  
 
The target output power level for the MIT gas turbine was 100 W, which would be sufficient 
for even the most demanding portable applications. The baseline design had a single rotor, 
supported on hydrostatic bearings, with a radial compressor on one side, a radial turbine on 
the other, and a combustion chamber around the periphery. Prototype structures of this type 
were realised by bonding together stacks of silicon wafers structured by DRIE. Figure 2.1 
shows an SEM image of a radial turbine stage, along with a photograph of a complete device 
that has been cut away to reveal the internal components.  
 
    
 (a) (b) 
Figure 2.1.  (a) Radial turbine stage in a prototype MIT gas turbine, and (b) demo device cut away to 
show internal structure (from [2.1]). The device footprint is 2.1 x 2.1 cm2.   
 
The development of miniature gas turbines of the type envisaged in the MIT project is a 
formidable task. To achieve reasonable efficiency, they need to operate at high Reynolds 
numbers, implying extremely high rotational speeds (ca 1 million rpm); they also need to 
withstand extreme internal temperatures (1300-1700 K at combustor exit). These operating 
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conditions impose major engineering challenges.  Ultimately the MIT project did not 
demonstrate a complete working gas turbine generator. However, it did lead to significant 
advances in the various component technologies, and in other areas such as multi-wafer 
bonding and materials for high-temperature MEMS [2.3]. It also led to advances in the area 
of planar electrical generators [2.4, 2.5]. Outside the MIT programme, other groups have 
demonstrated working turbo-generator subsystems. For example, in [2.6] a radial-flow 
turbine and an electrical generator were combined on a single silicon chip. Significant 
advances have also been made in the design of air bearings for silicon MEMS turbines [2.7, 
2.8]. 
 
In addition to silicon MEMS devices, small gas turbines have been developed based on more 
traditional precision engineering methods. For example, a group at Tohoku University 
developed a complete gas turbine with a 16 mm-diameter compressor and a 17.4 mm-
diameter turbine supported by aerostatic bearings [2.9]. The rotor was machined from a solid 
piece of Inconel. Figure 2.2 shows a schematic of this device and a photograph of the rotor.  
 
  
 (a) (b) 
Figure 2.2.  (a) Schematic of gas turbine developed by Tohoku University, and (b) photograph of 
inconel rotor (from [2.9]). 
 
Precision engineering was also used by a group at KU Leuven to develop a single stage axial 
turbine as a first step towards a complete gas turbine generator [2.10]. This device had a 10 
mm-diameter rotor fabricated in stainless steel by electro-discharge machining (EDM). The 
turbine was mounted on ball bearings and tested under compressed air, with a small external 
motor acting as a 3-phase electrical generator. This arrangement was tested up to 160,000 
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rpm and could deliver up to16 W of electrical power. Figure 2.3 shows a photograph of the 
internal turbine components and the experimental set-up used for testing. 
 
    
 (a) (b) 
Figure 2.3.  Air turbine developed at KU Leuven: (a) sub-assembly of nozzle disc, turbine rotor and 
bearing; (b) test set-up with turbine coupled to electric generator (from [2.10]). 
 
Other Combustion Engines 
Although most of the effort on small fuel-burning power sources has been devoted to gas 
turbines, some work has also been done on other types of combustion engine. For example, a 
group at UC Berkeley developed Wankel-type rotary engines of several different sizes [2.11, 
2.12], including mesoscale devices that could deliver several W of mechanical output power 
and a silicon MEMS engine with an output of a few mW. Elsewhere other researchers have 
worked on various designs of piston engine. For example, researchers from Harbin University 
and the University of Birmingham investigated the idea of a two-stroke reciprocating engine 
with a 1 mm2 piston cross-section. The device was to be assembled from ceramic parts 
formed by casting in soft moulds copied from SU-8 masters [2.13]. A comprehensive review 
of these and other similar devices is contained in [2.14].  
 
Fuel cells 
Like batteries, fuel cells convert chemical energy directly into electrical form by means of an 
electrochemical reaction. In a typical fuel cell, a catalysed redox (reduction-oxidation) 
reaction occurs between two reactants separated by a so-called proton-exchange membrane; 
during operation protons can pass through the membrane while electrons are forced to flow in 
the external circuit. The energy density of fuel cells is lower than should be achievable with 
gas turbines, mainly because fuel cells are operated at lower temperatures. However, lower 
temperature operation makes them more realistic as power sources for many applications. 
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Furthermore, the technical challenges associated with implementing fuel cells at cm-scale are 
more manageable. For example, they do not necessarily require any moving parts. Fuel cell 
research has become a major element of Power MEMS over the past 10 years, and significant 
advances have been made. Much of this work has been aimed at direct methanol fuel cells 
(DMFCs) which use methanol as a reactant [2.15], or polymer electrolytic membrane fuel 
cells (PEMFCs) which use hydrogen that is either supplied directly or generate locally from 
methanol by a so-called reforming reaction [2.16]. Work has also been done on biofuel cells 
[2.17] which use enzymes for catalysis (as opposed to precious metals such as platinum). 
Biofuel cells operate at room temperature, and for various reasons achieve significantly lower 
power densities than other fuel cell types. However, they are of great interest because they 
can generate power using raw materials (carbohydrates, oxygen) that are naturally present 
within the human body.  
 
2.1.2 Energy Harvesting 
Energy harvesters are power sources which can scavenge energy from their surroundings and 
therefore do not need to be refuelled/recharged or replaced at regular intervals. The primary 
energy might be kinetic, thermal, or electromagnetic (light or radio waves), and devices using 
all of these energy forms have been developed. Table 2.1 gives an idea of the levels of power 
that can be expected from such devices [2.18]. 
 
 
Table 2.1.  Typical power densities associated with different sources of ambient energy, with 
corresponding typical energy harvester output power densities (from [2.18]).  
 
Much of the energy harvesting research to date has been focused on motion-driven energy 
harvesters. These are typically inertial devices based on mass-spring-damper systems where 
the damper is a transducer that converts mechanical energy to electrical energy. When the 
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device is attached to a source of motion/vibration, relative motion between the mass and the 
enclosure allows work to be done on the transducer and power to be generated. Devices of 
this type have been developed based on electrostatic, electromagnetic and piezoelectric 
transduction.  
 
Resonant harvesters work most effectively when the applied excitation is a low-amplitude 
reciprocating motion at a frequency close to resonance; they are therefore highly effective for 
harvesting power from vibrating machinery, and commercial devices available for this 
application. However, in applications where large, low-frequency excitations are 
encountered, such as on the human body, non-resonant devices are more effective. For an 
overview of motion-driven harvesting devices in general, see [2.19] or [2.20]. 
 
Thermoelectric energy harvesters are based on the Seebeck effect, and are constructed as 
thermopiles comprising large arrays of thermocouples connected electrically in series (to 
increase the generated voltage), and thermally in parallel. Thermopiles are often constructed 
with semiconductor materials because they have high Seebeck coefficients. Thermoelectric 
generators (TEGs) based on Bismuth Telluride are particularly well established and available 
commercially as energy harvesters; these are mainly aimed at industrial applications where 
significant temperature gradients are available [2.21]. TEGs are also of great interest for body 
worn applications which are more challenging because of the small temperature differences 
that can be achieved. Much of the recent research has been devoted to nanostructure materials 
which have the potential for improved thermoelectric performance and could make such 
applications more viable [2.22].  
 
RF energy harvesting includes short-range inductive power delivery and longer range power 
transfer which may be in the near or far field. Short range power delivery has been well 
established for some years in applications such as RFID. However, near field and far field 
power delivery are areas of active research. Interest in near field transport, which has been 
largely inspired by the work at MIT on resonant power transfer [2.23], is mainly focused on 
delivery of relatively high power levels (10-100 W) from an installed source operating at low 
MHz frequencies. Far field transfer, on the other hand, is mostly concerned with much higher 
frequencies, typically within the range 900 MHz to 5.8 GHz which includes mobile ‘phone, 
ISM (industrial scientific medical) and WiFi bands. The power levels involved here are much 
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lower (as suggested in Table 2.1), and the challenge is to develop rectennas (antenna/rectifier 
combinations) and dc-dc converters that can work efficiently. 
 
2.1.3 Air-Flow Harvesting 
Compared to the energy harvesting mechanisms in Table 2.1, harvesting from ambient 
airflow has received relatively little attention to date. Nevertheless a number of different 
energy harvester designs have been demonstrated. Miniaturisation of the classical wind 
turbine is a natural place to start, and several research groups have demonstrated device based 
on this approach. For example, in 2003 Federspiel and Chen [2.24] combined a 10.2 cm-
diameter fan rotor with a brushless DC generator to produce a device that could deliver 8 mW 
at 2.5 m/s air speed and 28 mW at 5.1 m/s. Rancourt et al. [2.25] subsequently demonstrated 
a smaller device, with a 4.2 cm-diameter rotor, that delivered powers of 2.4 mW and 130 mW 
at air speeds of 5.5 m/s and 11.8 m/s respectively. In both cases existing commercial rotor 
and generator parts were used. Myers et al [2.26] have developed a custom piezo-electric 
generator which, when coupled to three 12.7 cm-diameter fan rotors via a crank assembly, 
can deliver 5 mW of output power at a flow rate of 4.4 m/s. Further devices using 
commercial off-the-shelf components have been demonstrated by Xu et al [2.27] and Carli et 
al [2.28]. The first of these, which uses a 7.6 cm-diameter plastic rotor and a brushless DC 
motor, can generate 13.5 mW at 4 m/s air speed; the second, with a diameter of 6.3 cm, 
produces 10 mW at 4.7 m/s air speed. Most recently a shrouded turbine has been developed 
by Howey et al which has a 2 cm-diameter rotor and a permanent generator integrated into 
the shroud [2.29]. This device can operate at flow speeds from 3 m/s to 10 m/s and deliver 
power levels between 80 W and 4.3 mW over this range of flow speeds.   
 
Aside from small turbines, work has also been done on alternative types of air flow harvester 
based on flapping or vibration. Such devices are attractive in principle because they do not 
involve rotating parts and hence do not require reliable, low-friction bearings. For example, 
Humdinger Wind Energy LLC launched a cm-scale harvester in which the air flow generates 
aerodynamic flutter in a thin belt linked to a transducer. Dubbed the μicroWindbelt, this 
device had a cross-sectional area of 37 cm2 and can deliver 0.2 mW and 5.0 mW at flow 
speeds of 3.5 m/s and 7.5 m/s respectively [2.30]. More recently, Zhu et al have demonstrated 
a resonant device consisting of an aerofoil mounted on a cantilever behind a bluff body and 
linked to an electromagnetic transducer [2.31]. This device has a cross-section of 52 cm2 and 
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delivers 0.47 mW and 2.0 mW at air speeds of 2.5 m/s and 6 m/s respectively. Other devices 
have been demonstrated based on vortex shedding, where the vortices created behind a bluff 
body drive the vibration of a simple cantilever [2.32], and on flow-induced resonance in air-
filled cavities [2.33].  
 
Figure 2.4 compares the performances of the devices discussed in the previous paragraphs. In 
this graph the maximum quoted output power density is plotted against free stream flow 
speed for each device, with multiple data points being plotted wherever possible. It can be 
seen that up to now harvesters based on turbines (filled symbols) have generally performed 
better than non-turbine designs. Furthermore, the power densities for turbine harvesters lie 
comfortably within the range covered by other harvester technologies listed in Table 2.1, at 
least for flow speeds above 5 m/s. Apart from the one outlying data point for the Rancourt 
device at high flow speed, the highest power density achieved is 0.54 mW/cm2, and this was 
for the Howey device with a cross-section of 8 cm2. For comparison, the device developed in 
the present work achieved a maximum power density of 0.3 mW/cm2 which is respectable 
given that it is smaller (A = 3.24 cm2) and therefore expected to perform less well. 
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Figure 2.4.  Power densities recorded for the various free-stream airflow harvesters reported in the 
literature, plotted as a function of flow speed (re-drawn from [2.29]). Filled symbols are data for 
turbine-based devices; open symbols are for non-turbine designs.  
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2.2 Methods for fabricating 3D structures in SU-8 
The emergence of SU-8 photoresist in the mid 1990s [2.34] was a significant event in the 
development of MEMS fabrication technology. SU-8 is a negative tone, epoxy-based 
photoresist designed for use at normal UV exposure wavelengths (405 nm, 365 nm). It 
exhibits high transparency in the UV compared to conventional positive resists, and 
consequently very thick layers (>1 mm) can be patterned in a single UV exposure step. For 
comparison, MEMS lithography had previously been limited to resist heights of around 50 
μm. Furthermore, cross-linked SU-8 is chemically and physically robust, making it useful not 
only as an etch mask or electroplating mould, but also as a functional material in MEMS 
devices [2.35].  
 
Early work with SU-8 was aimed at establishing working lithography processes, and 
demonstrating relatively simple structures [2.36]. This included work on multi-level 
lithography for producing structures such as buried microchannels [2.37]. Subsequently SU-8 
has been used in the fabrication of a wide range of MEMS devices, with the SU-8 usually 
remaining part of the final structure. Examples include PCR (polymerase chain reaction) 
chips for DNA amplification [2.38], nano-spray chips for miniaturised mass spectrometry 
[2.39], and MEMS detector coils for MRI (magnetic resonance imaging) [2.40]. Structures 
for aligning and/or manipulating optical fibres have also been demonstrated [2.41, 2.42]. 
 
One of the potential issues when using SU-8 as a photoresist is that the final cross-linked 
material is, like other negative photoresists, difficult to remove. Numerous methods have 
been explored, including wet chemical stripping using a solvent or an oxidising agent, 
plasma-based processes, and even molten salt baths [2.43]. Often, however, the issue has 
simply been avoided, as in the present work, by using the structured SU-8 as part of the final 
device.  
 
Structuring of SU-8 for MEMS has mostly been done by UV lithography. However, other 
methods have been demonstrated. In particular, structures with extremely high aspect ratio 
have been successfully fabricated by x-ray lithography [2.44]. Laser micromachining of SU-8 
has also been demonstrated by others, though not for fabrication of working MEMS devices. 
Ghantasala et al carried out an initial investigation into laser micromachining of SU-8 using a 
KrF (krypton fluoride) excimer laser, including fabrication of some simple test structures 
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[2.45]. Subsequently SU-8 was used as a vehicle for exploring the fabrication of deep 
structures by excimer laser ablation using half-tone masks [2.46], and also to test modelling 
predictions for direct-write laser ablation with a solid-state laser [2.47].  
 
One alternative technique that could have been used to fabricate the microturbine rotors and 
guide vanes in the present work is stereolithography. Commercial rapid prototyping processes 
such as single photon stereolithography and 3D printing do not offer sufficiently high 
resolution; typically they are limited to resolutions of 50 m or higher. However, much 
higher resolution can be achieved with 2-photon stereolithography, where the non-linearity of 
the absorption process allows much tighter localisation of the photopolymerisation. Processes 
of this type have been demonstrated, both for relatively large structures (several hundred μm 
high) [2.48] and for photon crystal structures with sub-micron features [2.49]. The main 
argument against using this approach for large structures is the long processing time.  
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Chapter 3 
 
 
Excimer Laser Micromachining of SU-8 Microturbine Rotors by Half-tone 
and Variable Aperture Masking 
 
 
3.1 Introduction 
This chapter describes the innovative excimer laser fabrication approach used for profiling 
the rotor blades for the MEMS microturbine introduced in Chapter 1. The aim was to convert 
SU-8 preforms fabricated by standard lithographic processing into finished microturbine 
rotors, as illustrated in Figure 3.1. Each blade was to be individually machined by removing 
material from both sides of an SU-8 block within the rotor preform. 
 
 
Figure 3.1.  SEM image of an SU-8 rotor preform (top left), CAD model of final rotor (bottom left) 
and detail of desired rotor blade cross-section (right). Dimensions are in µm. 
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Two different  laser machining methods were explored, one based on half-tone ablation and 
the other using variable aperture masks. Both methods are discussed in detail in this chapter, 
including the mask design strategy used in each case. Ultimately the variable aperture method 
was adopted and used successfully to fabricate a number of complete microturbine rotors. 
The same approach was also used to fabricate the inlet stator guide vanes. Laser 
micromachining was also used in initial stator fabrication work, and this is also described.  
 
3.2 Laser Processing Equipment and Setup Procedures 
Laser machining experiments were carried out using an Exitech 7000 Series workstation 
incorporating a KrF excimer laser (Lambda Physik, LPX series). The overall layout of the 
machine was as shown in Figure 3.2a. The beam path between laser and mask included a 
shutter, a variable attenuator, and beam delivery optics in the form of a beam shaper and a 
homogeniser. The beam shaper was a simple telescope arrangement, while the homogeniser 
consisted of two arrays of lenslets and a condenser lens, as shown in Figure 3.2b.  
 
The function of the beam delivery optics is to ensure uniform illumination at the mask. The 
raw laser beam from an excimer laser has a rectangular cross-section, typically around 4 × 2 
cm2 in area, with a nominally top-hat intensity profile in the long axis and a Gaussian profile 
in the short axis. The beam shaper expands the short axis so that the beam is roughly square, 
and the homogeniser then splits the beam into a number of sourcelets (typically 36 arranged 
in a 6×6 array), each of which is projected onto the mask from a different direction with the 
aid of the condenser lens [3.1]. Overlapping different portions of the beam in this way 
ensures the illumination intensity at the mask plane is uniform to within a few %. Finally, the 
projection lens forms a demagnified image of the mask at the workpiece. A field lens 
positioned just before the mask creates an image of the sourcelet array in the aperture stop of 
the projection lens; this ensures that each sourcelet produces a collimated illuminating beam 
at the workpiece. 
 
The maximum area or “field” that can be illuminated depends on the fluence required at the 
workpiece, which is dictated by the material to be machined. For this work the optics were 
configured to give a field of 12 × 12 mm2 at the mask plane. The maximum pulse energy 
arriving at the mask plane, when the attenuator was set for maximum transmission, was 
approximately 200 mJ. The maximum achievable fluence at the workpiece was therefore 
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expected to be 25×0.2/(1.2)2  3.5 J/cm2 with a 5× projection lens, ignoring lens and mask 
losses. This fluence level is more than sufficient for polymer machining. 
 
 
 
(a) 
 
(b) 
Figure 3.2.  Schematic of excimer laser micromachining workstation, showing (a) overall layout and 
(b) details of beam delivery and imaging. 
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Before carrying out any micromachining work, the alignment of the optics in the beam 
delivery path was verified and corrected as necessary. The axial positions were set according 
to the various lens focal lengths, and the lateral positions were adjusted with the aid of cross-
hairs mounted temporarily on the same optical rail as the optical components. The inset 
images in Figure 3.2a show burn marks formed on thermally sensitive paper at several points 
in the beam path when the beam is reasonably well aligned. The burn patterns after the beam 
shaper and after the homogeniser were produced with cross-hairs in place.  
 
3.2.1 Finding Focus and Alignment 
The workpiece was mounted on a precision XYZ stage, with a rotational stage added to allow 
easy indexing from one blade to the next when machining the rotors. It was necessary to 
adjust the stage elevation so that a sharp image was obtained, and this was done by carrying 
out test exposures on ink-coated mylar sheets at different elevations, examining the ablation 
sites under a microscope and choosing the stage height that gave the best focus (see Figure 
3.3). Once the stage elevation with the mylar sheets was known, it could be adjusted for other 
samples by correcting for the difference in the sample thickness.  
 
     
 (a) (b)   
Figure 3.3. Optical micrographs showing ablation tests on mylar. (a) Focus test shots on inked mylar 
at different elevations, using a small circular mask (10 µm spot at workpiece). Centre shot is in focus. 
(b) 615 µm-wide shallow trench in uncoated mylar film with sharp edges indicating good focus.   
 
Lateral alignment of the sample to the mask was carried out using an off-axis microscope 
with a CCTV camera. This was done by machining a dummy sample, translating it in X and Y 
until the appropriate registration features appeared in the microscope field. Cross-hairs were 
aligned to the features on the CCTV screen, and the position offset (ΔX, ΔY) from the 
machining site noted. The sample to be machined could then be aligned to the mask by first 
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aligning to the cross-hairs under the microscope, and then applying an offset of (-ΔX, -ΔY) to 
the stage.  
 
3.3 Laser Micromachining Processes for 3D Structures 
There are several possible approaches available for machining 3D structures using lasers, and 
the method of choice will depend on the type of laser being used. For example, solid-state 
lasers, which typically have high beam quality - allowing tight focusing of the beam - and 
relatively low pulse energy, are normally used in direct-write mode, where a focused spot is 
scanned over the workpiece [3.2]. This mode of machining is similar in concept to machining 
with a conventional milling tool. In contrast, with excimer lasers, which have higher pulse 
energy and lower beam quality, it is more usual to project a mask pattern onto the workpiece 
as in a lithographic stepper [3.3]. The system is usually configured so that the mask is 
uniformly illuminated, so that with a static binary mask (i.e. a mask with opaque or 
transparent areas) material is removed to the same depth in all exposed regions.   
 
3.3.1 Binary Mask Methods 
A number of methods have been developed for generating complex surface relief by 
projection ablation, several of which are illustrated in Figure 3.4. One straightforward 
approach is indexed mask projection (IMP) which produces stepped multi-level structures 
through a sequence of exposures with different static mask apertures [3.4] (Figure 3.4a). 
Typically the mask apertures are defined in a regular array on a single mask plate that is 
mounted on a motorized stage; in this way the apertures can be interchanged by CNC 
(computer numerical control) without the need for repeated alignment operations. 
Alternatively, depending on the shape of the surface to be generated, it may be possible to use 
a variable aperture mask as in Figure 3.4b. This is more constrained in terms of the 
geometries that can be realised but can produce much smoother sidewalls on the final 
structure depending on the resolution of the motion stages. A third option is to move or 
“drag” the workpiece while firing the laser (Figure 3.4c). In this case a channel is produced 
with a cross-sectional profile defined by the mask aperture shape. In particular, if the laser 
pulse repetition rate and the dragging speed are held constant, then the local depth of the 
channel will be proportional to the aperture length in the direction of motion. Workpiece 
dragging is well suited to large area processing of periodic structures such as gratings, 
microchannel arrays, microlens arrays and anti-reflection surfaces [3.5]. 
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 (a) (b) (c) 
Figure 3.4.  Excimer laser micromachining schemes for 3D microstructures based on binary masks: 
(a) indexed mask projection; (b) variable aperture mask; (c) workpiece dragging.  Note that although 
the mask is shown in proximity to the workpiece in each case, in practice a projection lens would be 
used to project an image of the mask onto the workpiece.  
 
3.3.2 Half-tone Ablation 
The above techniques achieve variable depth by exposing different parts of the workpiece to 
the same fluence (pulse energy per unit area) but different numbers of laser pulses. An 
alternative is to have the same number of pulses everywhere, but vary the local fluence using 
a half-tone mask. This concept is illustrated in Figure 3.5. A half-tone mask comprises an 
array of pixels, each with a transmissive aperture of a well-defined area on an opaque 
background. Provided the pixel structure is too fine to be resolved by the projection lens, the 
mask behaves as an attenuator, with the local transmission depending on the aperture size in 
each pixel. In this way a conventional binary mask can be made to behave like a continuously 
variable or grey-scale mask. The same effect can be achieved by other methods, for example 
by using the HEBS (high energy beam sensitive) glass process [3.6]. However, these have the 
disadvantage of requiring non-standard mask technology. Half-tone masks have been used 
previously with conventional projection lithography to produce micro-lens arrays and other 
shallow microstructures [3.7, 3.8]. They have also been used with excimer lasers to fabricate 
multi-level diffractive optical elements [3.9]. Half-tone ablation can produce a wider range of 
geometries than mask or workpiece dragging, and is less costly in terms of mask real estate 
than indexed mask projection. 
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 (a) (b) 
Figure 3.5.  (a) Excimer laser micromachining for 3D microstructures using a half-tone mask. (b) 
Typical half-tone pixel designs for low and high transmission regions of mask. The mask transmission 
in each case is given in terms of the pixel and aperture dimensions.   
 
Half-tone masks can be made by standard manufacturing routes such as electron beam or 
laser writing. Furthermore, the feature sizes can be relatively large by modern lithography 
standards, so that mask fabrication does not pose any particular problems. In order for a half-
tone mask to appear simply as an attenuator, its fine structure must not be resolved by the 
optical system. This condition will be satisfied provided: 
  
NA
Md   (3.1) 
where d is the pitch of the half-tone pattern (see Figure 3.5), λ is the laser wavelength, and M 
and NA are the de-magnification and numerical aperture of the projection lens. This condition 
arises directly from the Rayleigh criterion in classical optics [3.10]. For a 5× reduction lens 
with an NA of 0.15, as was used in this work, the maximum pitch given by Equation (3.1) is 
8.3 µm assuming a KrF excimer laser (λ = 248 nm).   
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3.4 Half-tone Ablation Experiments 
3.4.1 Initial SU-8 Ablation Tests 
Published data on the ablation characteristics of SU-8 was unavailable at the time this work 
was started, so initial tests were carried out in order to confirm that the material could be 
machined cleanly by ablation at 248 nm wavelength, and to measure the ablation curve (the 
variation of etch rate per pulse with laser fluence). These tests were  performed using a 
specially designed half-tone calibration mask consisting of an array of rectangular apertures 
with transmission levels varying from 5% to 90% in 5% steps. Using this mask it was 
possible to explore different fluence levels simultaneously without adjusting the laser or the 
attenuator. This approach is more efficient than making multiple exposures with different 
attenuator settings, and also removes the need for a well-calibrated attenuator. 
 
Figure 3.6 shows an SEM image of a typical SU-8 structure produced using the calibration 
mask. This structure was produced by an exposure of 50 pulses, with the maximum fluence 
(the fluence at 100% transmission) set to 1 J/cm2. The maximum fluence was measured by 
replacing the half-tone mask with a normal binary mask containing a rectangular aperture of 
known area, and then measuring the incident pulse energy at the workpiece. It can be seen 
from Figure 3.6 that the ablation process is clean over the fluence range tested, with little 
debris, and there is no sign of melting or other thermal damage.  
 
     
 (a) (b) 
Figure 3.6.  (a) SEM image showing a stepped multi-level structure formed in SU-8 by ablation using 
the half-tone calibration mask. Individual steps are 50 × 100 µm2, and the sample was exposed to 50 
pulses with a maximum fluence (100% transmission) of 1 J/cm2 (b) Map showing half-tone mask 
transmission levels in %.  
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Other structures similar to the one in Figure 3.6 were produced by exposure with different 
numbers of pulses, and the depth profiles were measured using a DekTak stylus profilometer. 
This allowed the variations of etch depth with pulse number to be determined at different 
transmission (and hence fluence) levels, as shown in Figure 3.7. All parts of the structure 
showed linear growth with pulse number, indicating a well-behaved and predictable ablation 
process.  
 
 
Figure 3.7.  Measured variations of etch depth with pulse number at different half-tone transmission 
levels. Maximum fluence (100% transmission) is 1 J/cm2.  
 
The data in Figure 3.7, along with similar data for other transmission levels, was used to 
construct the ablation curve in Figure 3.8. As can be seen from this plot, for fluences above 
about 200 mJ/cm2 the material was found to obey the well-known ”Beer’s Law” ablation 
characteristic [3.11] i.e.: 
 
 

otherwise                             0
         )/ln()(
1
TT FFFFFf   (3.2) 
where f(F) is the etch function or ablation curve, α is an effective absorption coefficient, and 
FT is the ablation threshold. The solid line in Figure 3.8 is a best fit of Equation (3.2) to the 
experimental data, with α-1 = 0.17 µm and FT  = 122 mJ/cm2. The fit is very good except near 
the threshold where the Beer Law fit under-estimates the etch rate.  
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Figure 3.8.  Measured SU-8 ablation curve at 248 nm wavelength, derived from ablation tests with 
half-tone calibration mask. Solid line is a best fit of Beer’s law with α-1 = 0.17 µm and FT  = 122 
mJ/cm2. 
 
3.4.2 Half-tone Mask Design 
The problem of half-tone mask design is that of finding a mask transmission function T(x, y) 
that will produce a required surface topography h(x, y) in an initially flat surface, assuming a 
fixed maximum fluence F0 and number of pulses N.  Here h(x, y) is the final machined depth 
at a lateral position (x, y) on the workpiece, and T(x, y) is the transmission at the 
corresponding position on the mask. It is assumed here that the optical system has unit 
magnification so that no scaling of the coordinates is required between mask and workpiece. 
 
If the  machined structure is shallow compared to the focal depth, and no steeply inclined 
regions develop, a uniform growth rate of  (100/N)% per pulse can be expected during the 
machining process. The change in surface height per pulse at any given position will then be 
given by δh(x, y) = h(x, y)/N. Combining this with the etch function f(F), the required 
transmission function is obtained as: 
 

 
N
yxhf
F
yxT ),(1),( 1
0
 (3.3) 
where f -1(·) is the inverse of the etch function. This equation assumes that the imaging is 
perfect, so that the fluence distribution F(x, y) at the workpiece faithfully reproduces the 
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mask transmission function i.e. F(x, y) = F0T(x, y). This is a reasonable assumption for a 
commercial laser micromachining system provided the features of interest are large compared 
to the diffraction limit.  
 
Equation (3.3) has been used previously to design half-tone masks for the fabrication of 
multi-level diffractive optical elements [3.9], and it has been shown to work very well in such 
applications where the maximum depth is of the order of 1 µm. However, for much deeper 
structures of the kind fabricated in the present work it is expected to break down for several 
reasons. Firstly, diffraction effects and separation of the beams from the homogeniser will 
cause the incident fluence at any given lateral position to vary as the structure becomes 
deeper. Secondly, depending on the surface shape, the variation of etch rate with angle of 
incidence may become important. All materials show a reduction in ablation rate as the 
incident radiation becomes more oblique. For modest fluence levels it has been found that 
this can often be modelled simply be replacing F with Fcosθ in the etch function to account 
for the reduction in energy flux at the surface [3.1]. For a material with a Beer Law etch 
curve this leads to the following angle-dependent etch function f(F, θ): 
 
 

otherwise                                      0
cos         )/cosln(),(
1
TT FFFFFf   (3.4) 
where θ is the angle between the direction of incidence and the normal to the surface.  
 
Taking into account the local gradient of the surface, the change in surface height δhi due to 
the ith laser pulse may be written as: 
  
i
ii
i
Ff
h 

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),(  (3.5) 
where Fi(x, y) and θi(x, y) are the local fluence and surface gradient at the time of the ith pulse. 
Referring to Figure 3.9, the cos θi term in the denominator of Equation (3.5) corrects for the 
fact that the etch function gives the etch depth δni normal to the current surface, whereas δhi 
is in a direction normal to the original surface.  
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Figure 3.9.  Pulse-by-pulse propagation of a surface during laser machining with a half-tone mask, 
with detail showing relationship between δni and δhi. 
 
In general there will no set of Equations (3.5) such that the growth is uniform (meaning that 
δhi(x, y) = h(x, y)/N for all i) and the required fluence distribution is independent of pulse 
number. Consequently, a half-tone mask will not generally lead to uniform growth in deep 
structures, and without this assumption Equations (3.5) generally have to be solved 
iteratively. However, it has been shown [3.12] that reasonable results can be obtained without 
the complication of iterative calculations simply by using Equations (3.5) to derive the set of 
fluence distributions that would give uniform growth, and then averaging these to derive the 
mask transmission function: 
 ),(1),(
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Like Equation (3.3), this equation assumes perfect imaging, so that the fluence distribution at 
the partially machined surface is F0T(x, y); effects such as diffraction, defocus and 
homogeniser beam separation are ignored.  
 
3.4.3 Fabrication of Rotor Blades by Half-tone ablation 
Using the simplified design method just described, half-tone masks were designed aimed at 
defining the convex and concave profiles of individual microturbine blades (ignoring, for 
simplicity, the rounding at the leading and trailing edges). The masks were manufactured by 
Compugraphics Ltd using a CORE model 2564 laser writer. A pitch of d = 5 µm was used, 
and the process had a minimum feature size of 1 µm and a writing grid (minimum increment 
in feature size) of 0.25 µm. With these parameters, and using the aperture shapes in Figure 
3.3, a total of 650 transmission levels could be defined, giving dense coverage of the 
transmission range 0.16% to 92%.  
 
Figure 3.10 shows the target profile for the convex side of a rotor blade, together with the 
corresponding mask transmission function derived using Equations (3.3) to (3.5). Note that 
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both the target profile and transmission function are displayed on 2D plots since the blades 
were designed to be prismatic (no radial variation of blade profile). The calculation assumed 
a maximum fluence of F0 = 1 J/cm2, an exposure of N = 2000 pulses, and Beer law 
parameters α and FT as extracted from the best fit line in Figure 3.8. Comparing the two 
graphs it can be seen that the fluence is near threshold on the left-hand side (~13% 
transmission) where the structure needs to be shallow, and rises steeply towards the right-
hand side where the structure is deepest. The difference in shape of the two curves arises 
from the non-linear nature of the ablation curve.   
 
  
 (a) (b) 
Figure 3.10.  (a) Target surface profile h(x) for convex side of microturbine blade. (b) Corresponding 
half-tone mask transmission function for SU-8, derived using Equations (3.3) to (3.5) and assuming 
F0 = 1 J/cm2, N = 2000. The curve shapes are different because of the non-linearity of the etch 
function. 
 
Figure 3.11 shows the results of initial attempts to machine convex blade profiles in SU-8 
microturbine rotor preforms. These samples were exposed for 500 and 1500 pulses 
respectively at a maximum fluence of 1 J/cm2. The experiments revealed two problems with 
the half-tone ablation method. Firstly, with prolonged exposure defects in the form of small 
conical structures tended to form on the shallower parts of the machined surface. This is more 
evident in Figure 3.11b, but can also be seen to a lesser extent in Figure 3.11a. Secondly, a 
narrow wall of SU-8 tended to be left behind at the deeper side of the machined region as can 
be seen in Figure 3.11b.  
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The formation of conical defects during ablation is well known and documented for other 
polymers [for example, see 3.13]. They are thought to arise from micromasking of the surface 
by particulate contamination such as ablation debris. Cone formation tends to be  confined to 
lower fluence levels where the ablation process is not sufficiently violent to dislodge such 
particles. Consequently it is a particular problem for half-tone ablation when control of the 
surface depth down to zero (or near zero) is needed. From the initial tests it appeared that the 
cone formation in the SU-8 was due to ablation debris, and it is likely that this could have 
been alleviated by cleaning the sample ultrasonically at regular intervals. However, this 
would have involved the inconvenience of periodically interrupting the micromachining 
process. Greater efforts could also have been made to remove ablation debris from the 
ablation site; a high-pressure air jet and extraction tube were used, but the effectiveness of 
this arrangement could have been improved.  
 
The wall formation was a direct consequence of the finite taper angle associated with the 
ablation process, and could have been eliminated simply by extending the mask aperture so 
that the high-fluence illumination extended beyond the edge of the SU-8 block that was being 
machined. However, because there was some uncertainty over the cone formation issue, it 
was decided instead to abandon half-tone ablation, at least for the time being, and investigate 
the alternative approach of using a variable aperture mask.   
 
   
 (a) (b) 
Figure 3.11. Partially formed SU-8 microturbine rotor blades, produced by  laser micromachining 
with a half-tone mask: (a) 500 pulses and (b) 1500 pulses at a maximum fluence of 1 J/cm2.   
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3.5 Variable Aperture Method 
Cone formation is not an issue with the variable aperture method since ablation at low 
fluence levels is avoided (illuminated regions are always exposed to the maximum fluence). 
However, the process is more complex to implement because it requires at least one 
moveable mask. Fortunately the system used in this work was equipped with a CNC 
motorized mask stage, making the implementation of a variable aperture process relatively 
straightforward.  
 
Referring to Figure 3.1, it was decided to carry out two machining operations for each blade, 
one from the inlet side of the rotor to define the concave surface, and one from the outlet side 
to define the convex surface. As with the half-tone work, no attempt was made to round the 
leading and trailing edges of the blades, and with this simplification it was possible to achieve 
the desired result with one fixed mask and one moving mask. The fixed mask comprised a 
single rectangular aperture corresponding to an exposed area slightly larger than the 1500 µm 
long × 600 µm wide block of SU-8 to be machined. The moving mask was sized to match the 
SU-8 block, and was moved across the fixed mask during machining so as to shield parts of 
the SU-8 surface once they had been machined to the desired depth (see Figure 3.13a and 
Figure 3.14a). The masks were made manually by attaching strips of tin sheet to quartz 
backing plates.  
 
The moving mask was mounted on the mask translation stage, and the fixed mask was 
mounted on a bracket about 27 mm downstream (closer to projection lens). The masks were 
positioned on the optical axis so that the moving mask was imaged onto the workpiece with 
sharp focus. Because of the axial separation between the two masks this meant that the image 
of the fixed mask was blurred; however, this did not matter since the moving mask defined 
the edges of the machined region at all times. The masks were aligned initially by firing test 
shots at mylar film and translating the moving mask until the edges of the exposed field were 
defined entirely by the moving aperture. Figure 3.12 shows optical micrographs of two test 
exposures, one with the masks in correct initial alignment (sharp edges), and one with 
moving mask position such that one side of the image is defined by the fixed aperture (one 
edge blurred).  
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 (a) (b) 
Figure 3.12.  Test exposures on mylar film with variable aperture mask set-up. (a) Boundaries of 
exposed region defined only by moving mask; (b) Right-hand boundary defined by fixed mask and 
hence blurred due to defocus. 
 
3.5.1 Variable Aperture Machining Algorithms 
It was decided to machine the concave profile of each blade so that the curved portion was 
approximated by a series of 40 equal height steps, each step being 15 µm high. The entire 
process was carried out with a laser fluence of 700 mJ/cm2, giving an ablation rate of 0.3 µm 
per pulse. Starting with the variable aperture fully open (moving mask centred over fixed 
mask), and with the moving mask aligned to the SU-8 block, the moving mask was translated 
to a position X0 and the SU-8 was machined to a depth of Y0 = 360 µm to define the vertical 
section on the inlet side of the rotor (see Figure 3.13a). The mask was then moved through a 
series of positions Xn, with 50 pulses being fired at each position so as to increase the 
machined depth by 15 µm. The workpiece elevation was adjusted after each step so as to 
keep the machined surface in focus. The mask positions required at each step in the process 
were calculated using the following relations: 
 20
2
0 )( YYRRXX nn       ;    YnYYn  0  (3.7) 
where ΔY = 15 µm is the step height and R = 600 µm is the radius of curvature of the target 
surface. Selected values of Xn and Yn are given in Table 3.1. The value X0 = 200 µm in the 
table corresponds to the original blade design. However, it was found that the variable 
aperture process could produce thinner blades, so this was done as it was expected to lead to 
improved performance. For example, Figure 3.13b shows a close-up SEM view of machined 
concave profiles with X0  50 µm.  
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 (a) (b) 
Figure 3.13.  (a) Variable aperture mask arrangement for machining concave rotor blade surfaces, and 
(b) close-up SEM image showing resulting blade profiles.  
 
Step # n Mask shift (at 
workpiece)  
New lateral 
position Xn 
Pulses this step New depth Yn 
 
 0 200.00 200.00  1200  360 
 1 0.19 200.19  50  375 
 2 0.56 200.75  50  390 
. . . . . 
 19 7.83 272.01  50  645 
 20 8.38 280.39  50  660 
. . . . . 
 39 54.03 666.68  50  945 
 40 133.32 800.00  50  960 
Table 3.1.  Moving masks positions and laser pulse numbers for machining the concave surface 
according to the original design in Figure 3.1b. An ablation rate of 0.3 µm per pulse is assumed. 
 
The total number of pulses required for each concave profile was 3,200 and with a pulse 
repetition rate of 50 Hz the processing time for each blade was just over 1 minute, including 
the time for stage motion. Indexing from one blade to the next was done using a motorized 
rotary stage. However, this stage was not integrated into the laser workstation, so manual 
intervention was required and this added a significant time overhead. In total it took around 1 
hour to process all the concave profiles on a single rotor.  
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A similar process was used to produce the convex profiles. However, rather than maintaining 
a constant step height, the steps were designed instead so that the angle subtended by each 
step at the centre of curvature remained fixed. In addition, the number of steps was increased 
from 40 to 90. These changes were made to avoid the larger steps that had been observed on 
the concave surface near the outlet side of the rotor. Referring to Figure 3.14, the mask 
positions and depths for the nth step were given by: 
 )sin(  nRX n    ;    )cos(1  nRYn  (3.8) 
where Δθ is the angle subtended by each step (set to 1° to give 90 steps over 1 quadrant). 
Table 3.2 shows selected values of Xn and Yn according to Equations (3.8). The number of 
pulses at each step was calculated as: 
    fYrndfYrndp nnn // 1  (3.9) 
where f is the ablation rate, and rnd{·} represents rounding down to the nearest integer. 
 
 
 (a) (b) 
Figure 3.14.  (a) Variable aperture mask arrangement for machining convex rotor blade surfaces, and 
(b) close-up SEM image showing resulting blade profiles.  
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Step # n Mask shift (at 
workpiece)  
New lateral 
position Xn 
Pulses this step New target 
depth Yn 
 0 0.00 0.00  0 0.00 
 1 10.47 10.47  0 0.09 
 2 10.47 20.94  1 0.37 
. . . . . 
 45 7.47 424.26  25 175.74 
 46 7.34 431.60  25 183.21 
. . . . . 
 89 0.27 599.91  35 589.53 
 90 0.09 600.00  35 600.00 
Table 3.2.  Moving masks positions and laser pulse numbers for machining convex surfaces. An 
ablation rate of 0.3 µm per pulse is assumed as in Table 3.1. 
 
3.5.2 Final Results with Variable Aperture Method 
Figures 3.15a and 3.15b show SEM images of a completed rotor when viewed from the inlet 
and outlet sides respectively. The high degree of reproducibility achieved by the laser 
machining process is evident from these images. Higher magnification SEM images of the 
outlet side are shown in Figure 3.16. Periodic surface structure can be seen on the convex 
blade surfaces in Figure 3.16a; this is due to the discrete, stepped nature of the machining 
process. Similar structure can be seen on the concave sides of the blades in Figure 3.16b, and 
here it is more pronounced because of the different machining algorithm (constant step height 
and lower number of steps).  There is evidence in both images of some damage along the 
trailing edges of the blades. This was thought to be the result of melting and reflow of the 
SU-8 during machining of the convex surfaces; towards the end of this process the material is 
very thin and there is no good thermal path for conducting heat away from the machining 
site.   
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 (a) (b) 
Figure 3.15.  SEM images of a fully machined microturbine rotor, showing (a) inlet side and (b) 
outlet side. 
 
   
 (a) (b) 
Figure 3.16.  SEM images showing close-up views of (a) convex surfaces of laser machined rotor 
blades with fine structure due to stepping of the moving mask, and (b) trailing edges of laser 
machined rotor blades.  
 
In order to determine the exact profiles of the laser machined blades, cross-sections were 
obtained by potting, sawing and polishing back. As this was a destructive process it was 
carried out only on selected samples. Figure 3.17 shows an example cross-section with the 
original design profile overlaid for comparison. The convex profile shows good matching to 
the design shape, although it appears the ablation rate was slightly higher than expected since 
there was too much material removed. The blade width on the inlet side was intentionally 
made significantly thinner than the design width of 200 µm; this was done for most of the 
rotors fabricated, for reasons discussed earlier. Since this narrowing of the inlet side was 
achieved simply by starting the concave machining process at a different mask position (i.e. 
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choosing a different value of X0), it is surprising that the blade is not narrowed along its entire 
length. The reason for this discrepancy remains unclear, although again it could be explained 
by an error in the ablation rate (this time a lower ablation rate than expected). Partial 
shielding of the incoming radiation by the wall of SU-8 above the machining site could be a 
contributing factor here. 
 
 
Figure 3.17.  Optical micrograph showing cross-sectional shape of a typical rotor blade. Cross-
section was obtained by potting a rotor, sectioning with a saw and polishing back. 
 
3.6 Laser Trepanning of SU-8 on Silicon 
As part of the microturbine stator fabrication process, it was necessary to pattern the SU-8 on 
the stators so that air inlet windows could be opened in the silicon. Also, since the turbine 
was to be clamped together with bolts, through holes were required in the corners of the 
stators. Patterning of the SU-8 had to be done after fabrication of the stator coils, so it 
required selective removal of cross-lined material. In initial work this was done by excimer 
laser micromachining. 
 
Rather than removing all the SU-8 from the windows and bolt apertures, these shapes were 
trepanned using a circular laser spot. The laser workstation was configured with a 4× 
projection lens, and a 2 mm-diameter circular mask was used giving a 0.5 mm-diameter spot 
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at the workpiece. The laser fluence was set to 0.25 J/cm2, giving an ablation rate of around 
0.12 µm per pulse. This fluence level was high enough to give clean ablation of the SU-8, 
with sharp sidewalls, while avoiding damage to the underlying silicon substrate. 
 
The structures were machined by moving the workpiece under computer control at a feed-rate 
of 100 mm per minute or 1.67 mm/sec. With a pulse repetition rate of 50 Hz this resulted in 
the removal of around (0.5/1.67)×50×0.12 = 1.8 µm of material on each pass, so multiple 
passes were required to machine through the 60 µm-thick SU-8 layer. Figure 3.18 shows 
examples of laser trepanned trenches. Note that additional exposures have been carried out to 
remove material from the corners of the trepanned structures in Figure 3.18a. 
 
Although the laser trepanning process was shown to be viable, and patterned silicon samples 
were successfully through-etched, ultimately an RIE (reactive ion etching) process was used 
in fabricating the prototype turbines [3.14]. The main advantage of RIE was that it was 
cleaner; it was also faster as it could be applied at wafer scale.  
 
  
 (a) (b) 
Figure 3.18.  Laser trepanned structures in SU-layer on silicon: (a) detail of air inlet window; (b) 
corner hole for bolt.  
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3.7 Conclusions 
The laser micromachining processes developed in this chapter make it possible to fabricate 
3D polymer structures that cannot be produced by other microfabrication techniques. 
Although demonstrated here for SU-8, they are equally applicable to other common polymer 
materials such as PMMA (poly-methyl-methacrylate), polycarbonate, PET (polyethylene 
terephthalate) and polyimide.  
 
The variable aperture method proved to be a highly effective approach for machining the 
microturbine rotors, allowing high quality parts to be produced in reasonable time. The 
structures produced had noticeable surface structure due to the discrete nature of the 
machining algorithm. The surface finish on both sides of the blades could have been 
improved by increasing the number of steps. However, this would have extended the 
processing time, and it was not considered worthwhile when fabricating the first prototype 
rotors, particularly as the implications on the turbine performance of the stepping in the blade 
surfaces was not known. The rotor blades were made as thin as possible on the inlet side as 
this was expected to reduce turbine losses. The minimum achievable thickness was around 50 
µm; attempts to make them even thinner generally resulted in failure due to fracture. Further 
machining could also be tried to see if making some roughness patterns on the surface could 
facilitate flow. Macro-scale aerofoil surfaces often have soft projections added at the leading 
edges or tips to help prevent flow separation. 
 
The half-tone method was not developed to the point where complete microturbine rotors 
could be fabricated. However, the basic feasibility of extending the process to deeper 
structures was developed, and the issues associated with doing this were identified.  
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Chapter 4 
 
 
Application of Small Angle Neutron Scattering (SANS) and Prompt 
Gamma Activation Analysis (PGAA) to SU-8 Polymer 
 
 
4.1 Introduction 
The objective of the SANS (Small Angle Neutron Scattering) experiments described in this 
chapter was to determine the nanoscale characteristics of the SU-8 polymer before and after 
processing. SU-8 is a mechanically robust photoresist when in the solid state and is thus well 
suited to fabrication of micromechanical devices [4.1]. The polymer will however have 
defects from UV curing and baking and, in the case of this work, transient heating during 
laser ablation; it may also suffer further mechanical degradation in its final application. 
Processing and other defects in the resin matrix will influence the material quality, and this 
may ultimately affect device performance. 
 
Material damage can occur in the form of micro-cracks and voids in the SU-8 polymer as it is 
cured and shrunk using UV exposure and final post exposure heat baking from the liquid 
state to the solid cross-linked state. In the present work these steps were carried out during 
fabrication of the turbine rotor preforms. There is likely to be a higher density of defects near 
confined corners because the UV/heat curing process will be less even in such areas than over 
the general surface of the SU-8 material. This causes stress because the cured areas have not 
had time to normalise their stresses with the surrounding resin.  
 
The laser ablation process used to shape the microturbine blades into 3-D curves will also 
generate stress in the cured SU-8. Unless a femtosecond laser is used, laser ablation is always 
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accompanied by a localised heat affected zone (HAZ), and the associated heating can be 
excessive in confined corners and regions where the sample is thin. For the turbine rotors 
surface damage was found at the leading and trailing edges of the turbine blades, as seen in 
Figure 4.1. 
 
   
 (a) (b) 
Figure 4.1.  Laser-induced damage in an SU-8 microturbine blade, showing (a) 50 µm-wide leading 
edge and (b) trailing edge. The leading edge has cracked during processing, and both edges show 
evidence of melting and reflow which will have induced stress.  
 
Finding the distribution, type and relevance of the defects that accumulate during processing 
allows useful information to be obtained in order to better understand where improvements 
are needed in the fabrication process. SANS analysis could also be used to investigate the 
development of material flaws due to excessive mechanical stresses during device operation. 
This is not so relevant to the present work, because the stresses experienced by the 
microturbine rotor are relatively low. However, for other applications in the area of Power 
MEMS this could be a significant cause of degradation and failure.  
 
In parallel with the SANS analysis, PGAA (Prompt Gamma Activation Analysis) was used to 
measure any changes in the percentages of the elements that made up the SU-8. Such 
compositional changes could occur during UV curing, baking or laser micromachining. The 
aim was to identify both systematic changes in composition due to processing and differences 
between samples subject to nominally similar processes. It was also of interest to examine 
how effective the PGAA technique was for investigating a polymer material like SU-8. 
 
 
64 
 
4.2 SANS Analysis  
The small angle neutron scattering (SANS) method is a technique for studying structural 
features in various materials such as porous media, ceramics, metals, biological objects, etc. 
The produced neutrons are water moderated and cooled. The very low energies of thermal 
and cold neutron beams allow penetration into most materials without causing internal 
material destruction [4.2]. 
 
There are many different techniques that allow the characterization of materials on the 
nanoscale (10Å-1000Å), but SANS remains a novel and highly sensitive process for the 
investigation of SU-8, particularly in the form of micro-parts. SANS also has the advantage 
of being both non-destructive and capable of providing information with high statistical 
accuracy by averaging over a macroscopic sample volume. SANS can measure, due to its 
non-destructive nature, the same sample any number of times after either successive usage or 
heat-treatment. Furthermore, the low absorption of neutrons allows in many cases the 
investigation of cm-thick material. Finally, neutron scattering has the unique advantage of 
being able to detect both magnetic spin and the light elements (hydrogen, deuterium, etc). 
 
With regard to material defects, neutrons have recently become an increasingly significant 
non-destructive probe in material science, and can reveal significant micro-structural details 
[4.2-4.4]. Neutron scattering metrology is indeed applicable to a wide range of materials, for 
example polymers, porous media, solutions of micelles, membranes, ceramics and metals. 
Another aspect of neutron scattering here is the possibility to substitute Hydrogen  for 
Deuterium. This makes it a unique technique for investigating macromolecular structures in 
synthetic and biological polymers. This aspect further allows the determination of void sizes 
and their distribution in porous media as well as the investigation of particle agglomeration 
and the evolution of pores during sintering [4.5-4.7]. SANS is also useful for investigating 
the thermodynamics of two-phase systems [4.8]. 
  
SANS is applicable to the polymer resin SU-8 because this material can scatter neutrons in 
either its cured (cross-linked) or soft-baked form. PMMA in contrast stays in long chain 
molecules until broken into monomers under neutron exposure. SANS can be used to assess a 
range of mechanical properties of SU-8 including nano-voids and static density fluctuations 
caused by non-uniform cross-linking and ageing.  
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SANS is a technique which deals with elastic and coherent scattering. In SANS, as in other 
diffraction studies, the scattered intensity I(Q) is measured as a function of the direction of 
scattering. The vector Q corresponds to the momentum transfer i.e. 
 01 kkQ   (4.1) 
where k1 and k0 are the wave-vectors of the incident and scattered waves. If elastic scattering 
dominates in the interaction of the neutrons and nuclei, then: 
 
 

 sin4Q  (4.2) 
where λ is the wavelength of the neutrons and 2θ is the scattering angle.  
 
The scattered intensity may be expressed in terms of the incoming neutron flux, Φ, an 
instrument specific constant, A, the transmission of the sample, T, and the volume of the 
sample, Vsample: 
   bgATVQI sample 

d
d,  (4.3) 
where Σ is the total area of interface per unit volume of the sample [4.5-4.7], and bg is a 
contrast factor due to the background of the instrument. The dΣ/dΩ term is the so called form 
factor F(Q), which contains information about the scattering particles of the sample.  The 
scattering particles are the nano-sized inhomogeneities of the sample, for example, micelles, 
pores, nano-cracks or precipitates.  
 
The form factor is related to the characteristic size of the scattering particles. In the low, or 
so-called Guinier region, the behaviour of the scattering intensity can be written with the 
Guinier expression for all shapes of non-interacting scatterers: 
    3/exp 2222 gRQVKQF   (4.4) 
where Rg is the radius of gyration of individual scatterers. This form is applicable when the 
scattering angle satisfies QRg ≤ 1. The parameter K is a material-dependent constant 
(describing the contrast between the embedded medium or matrix and the scattering object), 
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and V is the total volume of the scattering particles per unit volume. An important feature of 
the equation is that Rg can be determined even if I(Q) is known only in arbitrary units.  
 
In large Q regions of scattering, the signal due to the interface between each scatterer and the 
embedding medium dominates the intensity. This calls for another approach using the Porod 
law [4.6-4.10]. The Porod law describes this behaviour as follows: 
   bg
Q
AKQF  4
2 2  (4.5) 
where A is the total area of the interface per unit volume of the sample. The region of 
applicability of the Porod law is QRg ≥ 4. 
  
When the voids in the material are permeated by a liquid, for example water or toluene, this 
will change the contrast between the matrix and the scattering objects. In this way SANS can 
also show the extent of penetration of the small molecules into the structural volume of a 
sample. This can be useful for identifying the formation of connected networks of nano-pores 
or cracks. 
 
SANS could also be used for the detection of long term defect orientations in the SU-8 by 
placing a given load on a separate piece of SU-8 for several days, (seven days maximum 
based on past experience) and changing the temperature from room temp to 300oC (the max 
temperature before crosslink degradation). The best molecular orientation (anisotropic scatter 
pattern) data, along with all the SANS tests and control tests, could be presented graphically 
to produce the best curing times for future preforms. This would allow their structural 
strength limits, and hence their suitability for particular applications, to be assessed. This 
would be particularly useful for applications such as micropower generation.   
 
4.3 Instrumentation Setup and Initial SANS Analysis  
An initial experiment was performed on two SU-8 microturbine samples. Measurements were 
made at a neutron wavelength of 9.14 Å and a detector to sample separation of 5.6 m. With 
this configuration scattering angles corresponding to a Q-range from 0.004 Å-1 to 0.5 Å-1 
could be investigated, which allowed density composition and magnetization fluctuations in 
the material to be measured on a length scale of 10 Å to 1000 Å. Figure 4.2 shows a 
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schematic view of the setup and a photograph of the sample holder and neutron beam exit 
aperture. Neutrons produced by a 10 MW reactor were guided to the sample by supermirrors. 
The beam was monochromated by a multi-disk type velocity selector, which could be tuned 
between 0.7 - 7 krpm. This allowed the wavelength of the neutron beam to be varied from 3.4 
Å to 23 Å. The wavelength distribution was varied by changing the angle between the 
selector axis and the direction of the neutron beam. 
 
 
(a) 
 
(b) 
Figure 4.2.  (a) Schematic of SANS diffractometer setup at the Budapest Neutron Centre. (b) 
Photograph of sample holder and neutron beam exit aperture. 
 
The fractional beam width could be set between 12% and 30%, depending on the 
requirements of any given measurement. The scattered neutrons were detected by a 64 × 64 
pixel array (each 1 cm2) or two dimensional position sensitive detectors filled with BF3 gas. 
The beam intensity was monitored by a fission chamber, and formed by a 5.6 m-long 
collimator tube.  Figure 4.3 shows a schematic of the entire system.  
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Figure 4.3.  Schematic of complete SANS instrumentation. The “yellow submarine” section 
containing the detector is 15 m in length.  
 
The turbine samples were applicable to a full statistical investigation as they were of an 
appropriate material makeup thick enough to scatter the neutrons. The full range of Q values 
(momentum transfer coefficients) from 0.004 Å-1 to 0.5 Å-1 was used for the SANS process, 
starting with the lowest at 0.004 Å-1. 
 
The beam was first carefully collimated using the irises (see Figure 4.2a), and limited in its 
wavelength spread by setting the velocity selector to rotate at 2.5 krpm. Figure 4.4 shows the 
measured wavelength distributions obtained at different velocity selector settings. The 
measurements were made by the time of flight method. The scattered beam intensity was 
monitored by a fission chamber with the primary data from the 2-D scattering pattern 
regrouped by a computer (see Figure 4.5).  
 
The function I(Q) was constructed by subtracting the neutron scattering results produced with 
and without the sample in place.  In order to further ensure that the results were due only to 
the samples a calibration test was also performed using water in a cuvette. Water being 
homogenous is useful for testing the efficiency of the neutron scattering as it always gives a 
result of 1±0.1. The water for the calibration test was measured in a cuvette which was 1 mm 
thick to match the thickness of the SU-8 samples, before finally subtracting the results for 
water from the results for the cuvette. 
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Figure 4.4.  Effect of velocity selector rotation speed on measured neutron spectrum.  
 
   
Figure 4.5.  Computer image - full screen (left) and enlarged (right) - showing 2D small angle 
neutron scattering distribution for a part-finished turbine sample.  
 
The scattering data from the two samples was found to fit well to the Porod model, in the 
form of a slightly modified version of Equation (4.5): 
 bg
Q
BQF p )(  (4.6) 
Comparing this with Equation (4.5), the only significant difference is that the exponent in the 
denominator of the first term is now a fitting parameter (rather than being fixed at p = 4). The 
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parameter B contains the total area of the interface per unit volume of the sample, while bg is 
still the contrast factor due to the background. Figures 4.6 and 4.7 show the measured I(Q) 
curves for the two samples, together with best fit lines according to Equation (4.6). 
 
The two test samples were fabricated under nearly the same conditions and it is therefore 
unsurprising that they produced nearly equal slope parameters. The Porod constants for the 
best fit lines were p = 4.20±0.27 and p = 4.96±0.51 respectively, as seen in Figures 4.6 and 
4.7. The different Porod constants may be attributable to slight differences in processing 
conditions. In particular, the samples were subject to different durations of UV exposure and 
post-baking: 20 minutes and 30 minutes UV, and 4 hours and 6 hours baking at 300 °C, 
respectively. Also the first sample was removed from the polymerisation development earlier 
to test for stress around locally cured and developed areas. 
 
In general a Porod constant between 3 and 4 is an indicator of sharp interfaces between 
phases, while slopes larger than 4 may be obtained in cases where there are no sharp 
interfaces, but rather a gradual transition (as would be produced by a smooth composition 
gradient) between the phases. The initial results seem to suggest the SU-8 samples were in 
the latter category. However, the apparent Porod constants 4.20±0.27 and 4.96±0.51 may not 
be correct as the thickness of the turbines was only a tenth on the thickness normally 
required, and the count rate was low because of the Q setting. The intensities at higher Q 
values were too close to the background to be considered reliable. While the SU-8 could 
clearly scatter the neutrons in a measurable way, the height of the error bars could have been 
lessened by using thicker samples to increase scatter.  
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Figure 4.6.  Measured SANS data for sample 1, with best fit line according to Porod model. 
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Figure 4.7.  Measured SANS data for sample 2, with best fit line according to Porod model. 
 
4.4 Final SANS Analysis of stacked/thick SU-8 samples 
Following the initial investigation described in the previous section, a second series of tests 
was carried out to look at the effects of different process conditions and ageing. The SANS 
measurements were also extended to lower Q values to allow investigation of the Guinier 
region. 
 
  ‐1) 
Q (Å‐1) 
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Sample groups A, B and C as listed in Tables 4.1 – 4.3 were fabricated under carefully 
controlled conditions of curing, polymerisation, and wear/ageing. Group A (Table 4.1) 
consisted of a variety of partially finished or damaged SU-8 turbine parts. Group B (Table 
4.2) included a number of similar turbine parts that had been patterned and subjected to 
different pre-treatments in terms of UV curing and heat baking. Group C (Table 4.3) 
contained plain, flat 1 mm-thick pieces of SU-8 that had been cured and baked without 
patterning, and thus were not stressed or exposed to physical wear or usage of any kind.  
 
The 5.6 m collimator tube was changed for these experiments to give a variable collimation 
path system to optimize the flux and resolution for different sample-to-detector distances. 
This was to increase the chances of measurable graphical differences being produced under 
the conditions of widely varying polymerization, wear, etc. 
 
After a proper calibration and radial averaging, a Guinier fit was made using a fitting function 
based on Equation (4.4): 
 
   3/exp 22 gRQCQF   (4.7) 
where the fitting parameters are now C, which contains the contrast parameter and the 
volume of scattering particles per unit sample volume, and the average radius of gyration Rg. 
Figures 4.8 to 4.10 show the measured I(Q) data for all the samples, with best-fit Guinier 
plots overlaid. The radii of gyration corresponding to the best fit plots are given in Tables 4.1 
to 4.3. In the case of samples named C11 to C14, no small angle scattering was observed, 
thus proving the non-existence of cracks/voids in these samples.  
 
SU-8 incomplete microturbine samples A1 - A6 Radius of gyration (Å) 
A1 - Part laser ablated, part RIE etched rotor 304 ± 33 
A2 - Imperfectly finished rotor (damaged) 340 ± 27 
A3 - Second partly laser ablated rotor (aged) 347 ± 16 
A4 - Original rotor (unchanged) 350 ± 24 
A5 - Broken rotor 359 ±   5 
A6 - Rotor made of 2 thick SU-8 layers 369 ± 23 
Table 4.1.  Descriptions of partially finished/damaged SU-8 samples A1 to A6, with radii of gyration 
extracted from Guinier plots (χ2 = 1.59). 
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SU-8 same size samples B7 to B10 Radius of gyration (Å) 
B7 - UV 30 min, PEB 40 min 412 ± 59 
B8 - UV 30 min, PEB 30 min 361 ± 22 
B9 - UV 30 min, PEB 20 min 313 ± 26 
B10 - UV 30 min, PEB 40 min (smallest test turbine) 260 ± 31 
Table 4.2.  Descriptions of differently processed SU-8 samples B7 to B10, with radii of gyration 
extracted from Guinier plots (χ2 = 0.51). 
 
SU-8 1 mm-thick sheet samples C11 to C14 Radius of gyration (Å) 
C11 - UV 10 min, PEB 10 min 0 
C12 - UV 20 min, PEB 20 min 0 
C13 - UV 10 min, PEB 40 min 0 
C14 - UV 20 min, PEB 10 min  0 
Table 4.3.  Descriptions of unpatterned SU-8 samples C11 to C14, with radii of gyration extracted 
from Guinier plots. 
 
 
Figure 4.8.  Measured SANS scattering data and Guinier fits for SU-8 samples A1 to A6. The highest 
intensity values are indicative of void and crack defects. 
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Figure 4.9.  Measured SANS scattering data and Guinier fits for  samples B7 to B10. 
 
 
Figure 4.10.  Measured SANS scattering data and Guinier fits for samples C11 to C14, showing no 
defects as the scatter or intensity is similar to the background. 
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4.5 Conclusions from SANS Investigations 
With the aid of the SANS method the existence of nanosized objects inside the resin matrix 
of samples A1 to A6 and B7 to B10 was confirmed. In contrast samples C11 to C14 had a 
scatter similar to background indicating that they were free from nano-scale cracks or voids. 
Samples C11 to C14 were 1 mm-thick SU-8 polymer sheets that had not been machined or 
processed into microturbines. These samples did not have any blade corners or areas of stress 
due to processing.  
 
In the case of samples A1 to A5 there is a range of defects sizes between 304 Å and 359Å, 
and the results suggest that laser ablation may reduce the sizes of the defects in comparison to 
the preforms. The maximum sizes appear in the case of broken rotors. The samples B7 to B9 
shows a defect size increasing with the increasing of the PEB (post exposure bake) time. The 
maximum average defect size is 412 Å which is ~50 Å greater than the largest defect size 
amongst the samples A1-A5.  
 
4.6 Prompt Gamma Activation Analysis (PGAA) 
This area of investigation complemented the SANS analysis by providing quantitative data 
regarding the percentages of the constituents of the SU-8 samples. It was of interest to 
establish whether the percentages of the constituent elements were affected by processing. In 
particular, it was expected that the baking steps might change the Hydrogen or Oxygen 
element percentages. Laser machining is also expected to produce some compositional 
changes near the surfaces of the machined structure although this was not investigated in the 
present work.  
 
SU-8 is a photopolymer containing an Epoxy Resin, together with Gamma-Butyro-Lactone 
(GBL) and small amounts of Triarylsulfonia and Hexafluroantimonate. This mixture forms a 
negative photoresist which is very popular in MEMS fabrication. It can be processed in very 
thick layers due to its high optical transparency, and once cured it is both chemically and 
mechanically robust. The nominal percentages of the different components in the starting 
material are 35-75% Epoxy Resin (CAS: 28906-96-9), 22-60% Gamma-Butyro-Lactone 
(CAS: 96-48-0), 1-5% Triarylsulfonia/Hexafluroantimonate Salt (CAS: 89452-37-9)-CAS: 
71449-78-0) and Propylene Carbonate (CAS: 108-32-7) [4.11].  
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Two samples of SU-8 were subjected to the PGAA diagnostic study. These were in the form 
of microturbine rotor preforms which had been given different solidification pre-treatments, 
in particular different durations of baking and UV cross-linking. In addition to determining 
the major components of the analyzed samples, some trace elements were also identified, and 
the compositions were compared.  
 
4.7 PGAA Principle and Instrumentation 
Neutron investigations have recently become an increasingly significant probe for materials 
across a wide range of disciplines, and can reveal significant properties about materials. 
Neutrons are becoming ever more useful in the non-destructive characterisation of materials 
and components of industrial interest. The industrial applications of neutron techniques are 
also being developed in many new industrial sectors [4.12-4.13]. 
 
PGAA is a relatively new non-destructive nuclear analytical method based on the detection of 
characteristic prompt gamma photons that originate in (n,γ) nuclear reactions. The principles 
of the method have been well known for decades, and industrial applications are currently in 
development. However, routine application of the method is not so frequent because of the 
relatively low number of available laboratories equipped with guided neutron beams. All 
atomic nuclei, apart from 4He, can undergo (n,γ) reactions with different probabilities. The 
energies of the emitted gamma photons are characteristic for each given isotope, while the 
intensities of the gamma peaks are proportional to the amount of a given isotope. This 
phenomenon allows the use of a quantitative elemental (isotopic) analysis, and this is the 
basis of PGAA or PGNAA (Neutron) [4.14]. PGAA gives information on the sample as a 
whole. Neutrons can penetrate the surface and lower layers of the material so PGAA cannot 
distinguish between the bulk and surface composition of a sample. 
 
The PGAA experiments reported here were a first attempt to apply PGAA to detect trace 
elements in an organic matrix, and an early example of applied research using PGAA [4.15]. 
The measurements were performed using the experimental station shown in Figure 4.11. This 
equipment was placed at the end of a 30 m-long horizontal guide. The neutrons, which exit 
the reactor core, are moderated by a liquid H cell, and are cooled down to 20 K. The “1/v” 
dependence of the neutron absorption cross-section makes the sensitivity of the method 
increase by a factor of twenty, compared to the thermal sensitivity of the beam. Prior to the 
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author’s experiments the thermal equivalent flux of the cold beam was increased from 5107 
cm-2s-1 to 1.2108 cm-2s-1 by upgrading the neutron guides.                        
 
 
Figure 4.11.  Prompt Gamma Activation Analysis station at the Institute of Isotopes, Budapest 
Research Reactor (BRR). 
 
The test samples were mounted on an aluminium frame with Teflon strings, as seen in Figure 
4.12, starting with a sample having no voids. The sample holder chamber was evacuated in 
order to minimize the spectral background. A 2×2 cm2 cold neutron beam was then applied 
for irradiation. The irradiation time was chosen to achieve the counting statistics of necessary 
confidence limits. In practice sample one was irradiated for about 14000 seconds, while 
sample two was irradiated for almost 20000 seconds. The background effects originating 
from (n,γ) reactions within the constituent materials (i.e., H, C, Cl, Al, Fe and Pb) were 
calculated, as listed later in Tables 4.4 and 4.5. 
 
Parallel to the irradiation, the prompt gamma spectra were recorded with a specially designed 
detector system. This consisted of a 27% high purity Germanium detector surrounded with 
Bismuth Germanate scintillators which are dedicated to performing the Compton-suppressed 
measurement mode. The signals coming from the detectors are processed using a S100 
multichannel analyser. All the spectra were evaluated using a Hypermet-PC. The element 
identification is based on a prompt-gamma library [4.16]. 
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Figure 4.12.  SU-8 microturbine sample fastened with Teflon strings onto an aluminium frame for 
introduction into the PGAA measurement chamber.  
 
4.8 Data Analysis and Results 
The total detector count NP  for a particular peak in a PGAA experiment is directly 
proportional to the mass m of the corresponding element, the analytical sensitivity S and the 
measurement time t, such that: 
  tSmN P   (4.8) 
The count rate, dNP/dt, is proportional to the number of nuclei emitting the gamma photons of 
a given energy, and may be expressed as: 
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where NP is the peak area, μ(r) is the local density of the element of interest at position r, NAv 
is Avogadro’s number, M is the atomic mass of the element, σγ is the partial gamma ray 
production cross section, Φ(En, r) is the local neutron flux and ε(Eγ, r) is the detector 
efficiency. 
 
In practice a few simplifications can be introduced. Firstly, the partial gamma ray production 
cross-section is assumed to take the form:  
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   I  (4. 10) 
where σ is the thermal neutron absorption cross-section, Iγ is the probability of gamma ray 
emission and θ is the isotopic abundance.  Secondly, if it is assumed that the sample is 
homogeneous, and sufficiently small that the spatial dependencies in Φ(En, r) and ε(Eγ, r) can 
be neglected, Equation (4.9) can be simplified to: 
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A further simplification can be made by assuming that the detector efficiency does not vary 
over a given gamma peak. In this case the total count may be expressed as: 
 tEI
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where Φ0 is the thermal equivalent flux, defined such that: 
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From Equation (4.12), the analytical sensitivity, typically expressed in units of countss-1g-1, 
is obtained as: 
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The analytical sensitivities for the most intensive prompt-gamma lines of all the chemical 
elements were determined by internal standardisation measurements at the BRR and collected 
in a new PGAA gamma-ray spectrum catalogue [4.16]. Using these published values, the 
relative abundances (weight-percentage ratios) of two arbitrary elements X and Y in a sample 
can be obtained simply from the corresponding NP values since, from Equation (4.8): 
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While Equation (4.15) yields only the relative abundances, if all the major components in the 
sample are identified the absolute wt% levels can be obtained by applying the following 
normalisation: 
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This normalisation method was applied for the two SU-8 samples analysed in this work.  
 
In calculating the element concentrations only the 25 most intensive gamma lines were used. 
During the calculations, gamma lines which suffered from peak interference (i.e. overlap with 
nearby peaks) were eliminated from the determination of the element concentrations. In 
Table 4.4 the most intensive gamma lines for the elements are reported. These resulted from 
all the lines that were identified in the samples. The symbols and atomic masses of the 
isotopes, the order of peak intensities, relative peak areas, the characteristic gamma energies 
and their uncertainties, the partial gamma ray production cross sections and the calculated 
sensitivities are listed.  
 
The two SU-8 samples had been processed under the following conditions: 
SU-8 sample one:  Soft baked by heating at 90 °C for 158 hours 
 Final solidification using 10 min UV plus heat at 90 °C for 40 min     
SU-8 sample two:  Soft bake heated at 90 °C for 158 hours 
 Final solidification using 20 min UV and heat at 90 °C for 20 min 
 
Table 4.5 shows the measured compositions of the two samples in both atomic percentage 
and weight percentage. The major constituents identified were carbon (C), oxygen (O), 
hydrogen (H) and fluorine (F). In addition, small concentrations of several other elements 
were identified, including antimony (Sb), lead (Pb), sulphur (S), chlorine (Cl) and iron (Fe). 
Other trace contaminants, if there were any, fell under the detection limits of PGAA. The two 
compositions are compared side-by-side in Figure 4.13, and it can be seen that there are only 
small differences between the two. 
 
 
  
81 
 
 
El. A No. Rel. Area E (keV) dE (keV) σγ Sens. 
(cps/mg) 
H 1 1 100 2223.3 0.019 0.333 3.4 
C 12 1 100 1261.708 0.057 0.00127 0.0017 
C 12 2 60.55 4945.302 0.067 0.0028 0.0011 
C 12 3 38.02 3684.016 0.069 0.00121 0.00066 
O 16 1 100 870.682 0.034 0.00018 0.00023 
O 16 2 73.5 1087.714 0.031 0.00015 0.00016 
O 16 3 50.79 2184.381 0.039 0.00015 0.000096 
O 16 4 7.01 3272.109 0.069 0.000035 0.000015 
F 19 1 100 1633.602 0.015 0.0093 0.0064 
F 19 2 99.00 583.493 0.022 0.0034 0.005 
F 19 3 51.14 655.942 0.022 0.0019 0.0025 
S 32 1 100 841.013 0.014 0.36 0.236 
S 32 2 27.53 2379.495 0.035 0.214 0.064 
S 32 3 16.16 5420.241 0.1 0.32 0.038 
Cl 35 1 100 517.077 0.008 7.4 6.28 
Cl 35 2 66.79 1164.831 0.012 8.9 4.22 
Cl 35 3 48.49 788.370 0.212 5 3.12 
Fe 56 1 100 352.332 0.016 0.284 0.205 
Fe 56 2 57.57 122.078 0.022 0.099 0.122 
Fe 56 3 30.60 691.914 0.016 0.142 0.062 
Sb 121 1 100 121.643 0.042 0.4 0.226 
Sb 121 2 76.96 61.513 0.044 0.27 0.18 
Sb 121 3 75.64 115.044 0.044 0.3 0.17 
Pb 207 1 100 7367.833 0.118 0.137 0.00165 
Table 4.4.  List of the most intensive gamma line data for the elements identified in the samples, 
showing the symbols and atomic masses of the isotopes, the order of peak intensities, the relative peak 
areas, the characteristic gamma energies and their uncertainties, the partial gamma ray production 
cross sections and the calculated sensitivities.  
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 SU-8 sample one SU-8 sample two 
El. C % 
atom. 
Unc.
% 
C % 
el/el 
Rel.unc.
% 
Abs.unc. C % 
atom. 
Unc.
% 
C % 
el/el 
Rel. 
unc. 
% 
Abs. 
unc. 
H 45.6 2.3 6.0 4.4 0.3 44.7 3.1 5.7 6.0 0.3 
C 42.6 2.6 67 3.8 2.6 39.9 3.5 61 5.8 3.5 
O 9.9 15.9 21 14.1 2.9 13.7 17.6 28 14.8 4.1 
F 1.6 8.5 4.1 9.1 0.4 1.5 9.2 3.5 10.4 0.4 
S 0.091 3.5 0.38 5.0 0.02 0.090 4.1 0.37 6.6 0.02 
Cl 0.035 4.5 0.16 5.8 0.01 0.034 5.0 0.15 7.2 0.01 
Fe 0.0095 8.3 0.07 9.0 0.01 0.0073 12.4 0.05 13.4 0.01 
Sb 0.064 3.6 1.0 5.1 0.1 0.065 4.2 1.0 6.6 0.1 
Pb 0.029 14.9 0.8 15.2 0.1 0.029 16.9 0.8 17.6 0.1 
Table 4.5.  List of the elemental compositions of SU-8 polymer samples one and two having different 
solidification and hardening pre-treatments. Rel. unc. and Abs. unc. are relative and absolute 
uncertainties in the measured concentration levels.    
 
 
Figure 4.13.  Atomic weight percentages of different elements in SU-8 samples 1 and 2, as 
determined by PGAA. 
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4.9 Conclusions from PGAA Experiments 
The results obtained in this preliminary PGAA investigation suggest that differences in UV 
exposure and post-baking have little effect on the final elemental composition of SU-8. The 
two samples tested were exposed to different post baking and UV exposure durations but 
showed no significant differences in any elemental percentage. This is a positive result in the 
sense that significant differences in composition would be likely to be accompanied by 
differences in chemical or mechanical properties of the processed polymer. It is perhaps a 
somewhat surprising finding since changes in processing might be expected to affect at least 
the hydrogen and oxygen levels; however, if such effects occur predominantly at the material 
surface then this would have only a small effect on the PGAA result.    
 
The results also demonstrate the application and usefulness of PGAA in the industrial field of 
polymer investigation. The results further confirm that PGAA is a useful industrial tool that is 
well suited to the investigation of other polymer materials. Applying PGAA to SU-8 polymer 
has demonstrated its potential for industrial applications, and will hopefully encourage its 
adoption in other polymer analysis sectors. 
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Chapter 5 
 
 
Measurement of Rundown and Vibration for a Microturbine using a 
Scanning Laser Vibrometer (Polytec MSA-400)  
 
 
5.1 Introduction 
In this chapter the microturbine device is examined for the effects of friction due to the 
rolling element bearings and for vibration or other instabilities in the motion of the rotor. The 
robustness due to size for macroscale turbines tends to be lost in micromachines as they are 
very difficult to scale down uniformly, and indeed this remains an obstacle in the 
miniaturisation processes needed for micro/nanotechnology in general. A major issue in 
fabricating microscale machines is that of matching their smallest dimensions in proportion to 
their largest parts. In the case of the microturbine developed in this work, the smallest parts 
are the pivot (or shaft) and ball bearings. The most precise dimensional tolerances are 
required for these parts in order to achieve efficient operation. Vibration and misalignment of 
the bearings relative to each other can cause excessive frictional losses and result in a short 
run-down time upon removal of the actuation power of input airflow.  
 
In order to discover how much such negative characteristics affect the performance of the 
microturbine, friction and surface vibration measurements were carried out. The friction 
measurement was to discover how lossy the bearings were. It was additionally sought to 
measure both the in-plane and the out-of-plane vibration or wobble of the pivot as it turned in 
the bearings. All the measurements were made using a Polytec MSA-400 scanning laser 
Doppler vibrometer. This instrument is designed specifically for dynamic testing of MEMS 
devices [5.1 - 5.2]. It uses the laser Doppler method to measure the velocity of a point on a 
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surface by calculating the Doppler frequency shift in a reflected laser beam. It can then find 
the displacement by integrating the velocity measurements. This approach is better at 
catching unusual movement than the more usual image processing methods of microscopic 
interferometry and computer vision [5.3 – 5.5]. These only work with fixed separate images 
and are not as good at seeing changes in the direction the surface is moving in. 
 
5.2 Microturbine Rundown Measurements 
All the measurements described in this chapter were made with the laser beam of the 
vibrometer incident on the top surface of the microturbine pivot. This appears as a 1 mm-
diameter stainless steel disc which ideally should be undergoing pure rotation about its centre 
when the turbine is running. A photograph of the pivot is shown below in Figure 5.1.  
 
 
Figure 5.1.  Precision machined stainless steel microturbine pivot. The outside diameter at top and 
bottom (blue scale bar) is 1 mm; the wider central section is sized to match the central cut-out in the 
SU-8 rotor.  
 
A new support rig was made, as seen in Figure 5.2a, to hold the microturbine stable and act 
as a miniature wind tunnel so that it could allow through-flow of the actuating gas while 
being accessed by the scanning laser beam of the vibration analyser. The support rig was 
made from nylon to hold the microturbine device squarely and prevent it from moving or 
slipping from its position between the Polytec laser head and the optical bench.  
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For the rundown tests, the MSA-400 was used as a simple vibrometer with a stationary laser 
beam reflecting off the centre of the turbine pivot. There was no need for a second (reference) 
beam for these tests as precise measurements were not required; the aim was only to monitor 
the rotation speed. 
  
 
 (a) (b) 
Figure 5.2.  (a) Test rig to measure rundown and vibration of the microturbine using the MSA-400 
scanning laser vibrometer; (b) Front view of the entire set-up with the MSA-400 monitor showing a 
region around the periphery of the turbine pivot.  
 
The laser vibrometer was set to take measurements at a rate of 10 kHz, and the microturbine 
was driven at speeds in the range 6 krpm – 9 krpm using a dry Nitrogen gas supply. At the 
start of the test, the gas flow was turned on gradually until the microturbine started up, at 
which point the rotation was around 9 krpm. Once the device was running the flow could be 
reduced if desired, with stable operation being possible down to around 6 krpm. Typically 
when the turbine was running at steady speed, the vibrometer showed a regular time series of 
vibration transients or spikes, with a spike repetition rate corresponding to the rotation rate of 
the turbine. For example, at a rotation speed of 6 krpm, the spikes occurred at a repetition rate 
of 100 Hz. The spikes were quite variable in amplitude and shape, but the repetition rate 
tended to be more uniform. The measured data could be displayed in either the time domain 
or the frequency domain, and it was straightforward to establish the rotation speed from the 
peak positions in the frequency spectrum. 
 
The procedure for capturing the rundown data was as follows. Once stable rotation speed was 
achieved, data acquisition was initiated and a fraction of a second later the gas flow was 
switched off using an in-line valve. Figure 5.3 shows the raw vibrometer data from a typical 
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test. It can be seen that the vibration transients are becoming progressively more widely 
spaced towards the right of the graph, as the turbine slows down. Also, although the spike 
amplitudes are quite variable, there is an underlying gradual fall-off in amplitude which 
becomes more pronounced as the turbine comes to rest.  
 
 
Figure 5.3.  Raw laser vibrometer data from a microturbine rundown test.  
 
The instantaneous rotation speed of the turbine can be estimated, albeit noisily, as 1/T where 
T is the time interval between successive spikes in the vibrometer data. Figure 5.4 shows the 
result of this analysis for the data in Figure 5.3. It can be seen that the fall-off in rotation 
speed is roughly linear, indicating a constant frictional torque during run-down. 
 
The turbine was found to have a run-down time of the order of 150 ms which was rather a 
short time and indicative of significant bearing friction. Furthermore, since the gas flow does 
not immediately fall to zero when the valve is closed, there was probably some residual 
actuation of the turbine during the rundown period. The apparent rundown time recorded in 
these experiments was therefore probably an over-estimate 
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Figure 5.4.  Variation of rotation speed during rundown, derived from the data in Figure 5.3. 
 
5.3 Vibration Measurements 
5.3.1 Out-of-plane Vibration Measurements 
The ideal platform for the microturbine would be one that allowed the rotor to undergo pure 
rotation about a fixed axis without any vibration or wobble. In reality this perfection cannot 
be achieved and it is valuable to measure the extent of any deviation as this will have 
repercussions for the performance and lifetime of the device. The two types of vibration 
measured were out-of-plane and in-plane vibration. Out-of-plane vibration refers to 
movement occurring in the direction of observation (axial), while in-plane (planar) vibration 
is in the plane of the rotor. 
 
The out-of-plane vibration measurements were made with the laser vibrometer in Planar 
Motion Analyzer (PMA) mode. In this mode measurements are made at multiple points on a 
2-D grid, and then an image is constructed showing the variation of displacement with 
position. Sequences of images can also be generated showing how the shape of the surface 
evolves over time. Figure 5.5 shows the experimental set-up for these measurements. 
 
This PMA measurement mode is typically used to study the dynamics of MEMS devices that 
are undergoing periodic motion at a known frequency (the “reference frequency”), and in fact 
this is a requirement for the measurement to work as originally intended. This is because the 
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vibrometer makes measurements sequentially and therefore cannot capture a 2D image 
instantaneously; instead the image has to be built up over a number of cycles. Typically the 
device under test is driven by the vibrometer itself, so periodic motion at a known frequency 
can be guaranteed. Clearly this was not the case in the present work because the turbine was 
driven by a compressed nitrogen supply that was entirely independent of the vibrometer. 
Consequently full synchronisation of the turbine motion with the vibrometer could not be 
achieved, and as a result it was not possible to produce true snapshots showing the surface 
displacement at a given instant in time. Nevertheless plots could be generated indicating the 
magnitude of the vibration at different points.   
 
 
Figure 5.5.  Experimental set-up for vibration measurements. The vibrometer screen shows the 
microscope view of the microturbine pivot, and the laser spot is just visible at the top. A surface 
velocity plot is displayed on the monitor to the left.  
 
In PMA mode the vibrometer allows the option to define the form of the measurement grid 
and the number of measurement points, and representative examples are shown in Figure 5.6. 
For the out-of-plane measurements a grid was selected with measurement points separated by 
10°, giving 36 measurement points around the periphery of the measurement area. 
Measurements were carried out with the turbine running at 9.3 krpm; under these conditions 
it showed relatively good stability with less vibration/wobble than at higher speeds.  
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 (a) (b) 
Figure 5.6.  (a) Top down view of the pivot of the microturbine overlaid with a representative system 
of vibrometer grid points, seen here as a green circle 680 µm in diameter; (b) a second option showing 
19 mapping points. 
 
Figure 5.7 shows a 2D surface plot of surface displacement across the end of the turbine 
pivot, where red denotes maximum positive displacement. In a properly synchronised PMA 
measurement this would be a true snapshot; however, because of the lack of synchronisation 
in these measurements different points on the plot correspond to measurements at different 
times. This is clear from the fact that the surface appears saddle shaped whereas it should be 
flat.  
 
 
Figure 5.7.  Surface plot showing displacement at different points on the end of the pivot. Red 
denotes maximum positive displacement; light green denotes maximum negative displacement.  
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Figure 5.8 shows 2D- and 3D-rendered line plots of the displacement measured around the 
periphery of the measurement region. Measurements at three different times are shown to 
illustrate the variation of the patterns over time.  This is due both to the lack of 
synchronisation between the vibrometer data acquisition and the turbine rotation speed, and 
also the irregular nature of the turbine vibration. 
 
   
 (a) (d) 
   
 (b) (e) 
   
 (c) (f) 
Figure 5.8.  (a), (b), (c) 2D line plots showing displacements around the periphery of the 
measurement area in three different “snapshots”. (d), (e), (f) 3D renderings of the same data. 
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The black circles in Figure 5.8 are reference lines corresponding to zero out-of-plane 
displacement, and the scaling of the plots is such that the maximum displacements occurring 
are around ±15 µm. The results therefore suggest that there is significant out-of-plane 
vibration in the turbine with the current bearing arrangement. 
 
 5.3.2    In-plane Vibration Measurement 
Measurements of in-plane vibration were also made with the laser vibrometer in Planar 
Motion Analyzer (PMA) mode. The MSA-400 measures in-plane motion using micro-video 
analysis techniques. The experimental setup was similar to that used for out-of-plane 
vibration measurements, with measurements being made on a grid having 36 points around 
the periphery. The turbine rotation speed was slightly higher than in the earlier measurements 
(11.52 krpm).  
 
Figure 5.9 shows a representative 2D colour plot from these tests. The data showed much less 
variability than for the out-of-plane measurements, and this is borne out by the plot shown in 
which the colour of the red outer ring (derived from measured data) is uniform except for a 
slight lightening near the bottom of the plot. The results indicate that the in-plane vibration is 
very small and thus probably need not be considered for future improvements in the design of 
the microturbine.  
  
 
Figure 5.9.  2D line plot showing in-plane displacement around the periphery of the measurement 
area. 
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5.4 Improved Test Enclosure for Microturbine 
The results of the vibration analysis showed that, while the in-plane vibration of the rotor was 
acceptable, the out of plane vibration was high. Thus it was decided to design a test enclosure 
that would locate the bearings more precisely and allow them to be pre-loaded in a controlled 
way. A schematic of the enclosure is shown in Figure 5.10. It consists of a cylindrical solid 
block with a machined aperture to accommodate the turbine, and a tapped hole running the 
full length of the axis. The bearings are mounted in the tapped hole on opposite sides of the 
aperture. This arrangement ensures they are axially aligned. Figure 5.11 shows an enlarged 
cross-sectional view of the enclosure, and details of the pivot design.  
 
 
Figure 5.10.  Plan and cross-sectional views of test enclosure with microturbine inside. The 
cylindrical enclosure is machined from solid and the bearings are mounted in tapped holes top and 
bottom that are inherently aligned.  
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 (a) 
  
 (b) 
Figure 5.11. (a) Enlarged cross-sectional view of test enclosure. (b) Details of re-designed pivot 
which had to be longer than the original for compatibility with the new bearing arrangement.    
 
Special inserts were designed to accommodate the bearings, as shown in Figure 5.12. These 
were cylindrical with a thread on the outside to match the tapped hole on the enclosure. The 
bearings were mounted on the inside and loaded by springs which could be adjusted by 
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screwing a plunger in or out. The bearing inserts were designed to suit 3 mm-diameter 
angular contact bearings from Myonic.  
 
 
Figure 5.12.  Schematic of bearing insert showing spring loading mechanism. 
 
The turbine was mounted inside a Perspex box as shown in Figure 5.13. The box was sized to 
fit into the aperture in the enclosure and was secured in position by bolts from the top (see 
Fig. 5.11a). The interior of the box was precisely machined to match the width and height of 
the microturbine, and included corner posts for alignment of the top and bottom stators.  
 
To assemble the test system, the turbine box was mounted inside the enclosure, and the 
bearing inserts were screwed in from the top and bottom until they engaged with the pivot. 
Mounting the rotor independently of the microturbine stators in this way allowed it to be held 
coaxially by default, instead of relying on the stacking alignment of the stators. Figure 5.14 
shows the assembled enclosure with the Perspex box and bearing inserts in place.  
 
This coaxial arrangement is only intended for testing the microturbine to determine if there 
are any other issues causing wobble besides skewing due to slightly off axial alignment as in 
the present device. A future version would need to be a lot smaller so as not to compromise 
the small outer dimensions of the MEMS device. 
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 (a) (b) 
   
 (c) (d) 
Figure 5.13.  Perspex box for microturbine, showing: (a) lower part with microturbine inlet stator in 
place; lower part with turbine rotor in position; (c) lower and upper parts; (d) final assembly (without 
pivot).    
 
 
Figure 5.14. Assembled test enclosure. The microturbine is absent and the bearing inserts have been 
screwed in to meet at the centre.  
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5.4 Conclusions 
The measured run-down time of ~150 ms from 8 krpm is quite short for a micro rotary 
device, and indicates that the microturbine needs improved bearings and/or alignment to 
reduce bearing friction. The most benefit would probably come from adjusting the spring 
loading and improving the concentricity of the bearings at either end of the turbine pivot.  
 
The need for an improved bearing arrangement was confirmed by the vibration measurements 
which showed out-of-plane vibration of up to about ± 15 µm. This would be a very fine result 
for a macroscale device but on the microscale it is relatively large and consistent with there 
being excessive bearing friction. It is expected that this can be closed down to some extent by 
using the new arrangement in Figure 5.10, and varying the spring loading on the bearings 
while holding the rotor co-axially. This will certainly be better than relying on the stacking 
alignment as in the present device.  
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Chapter 6 
 
 
Conclusions 
 
 
6.1 Summary of Achievements 
The work reported in this thesis spans three quite diverse areas of research: 3D laser 
micromachining, materials analysis and MEMS device characterisation. The contributions 
made in each of these areas are summarised below. 
 
The work on laser micromachining, reported in Chapter 3, was critical to the development of 
the axial-flow microturbine since no other methods were available for forming SU-8 rotors 
with the desired rotor blade and guide vane profiles. In recent years high resolution 
stereolithography processes have become available, with lateral resolution down to several 
µm. These could produce suitable rotor shapes in other photopolymers; however, the parts 
produced would need to be metallised in order to make them sufficiently robust for use as 
working turbine components. Furthermore, rapid prototyping processes of this type are still 
extremely expensive. The final device was the first example of a working axial-flow MEMS 
turbine with an integrated generator, and it remains the smallest device of this type to have 
been reported in the open literature.  
 
Variable aperture machining was shown to be a highly effective method for fabricating the 
microturbine blades. High quality rotor and stator parts were produced, and there was the 
potential to refine the process further, for example to produce structures with more tightly 
controlled surface shapes and lower surface roughness. Variable aperture machining was a 
known technique, but it had not previously been applied to the fabrication of 3D MEMS 
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parts, or to the machining of SU-8 photoresist. The half-tone ablation work demonstrated that 
this approach can be extended to deep structures; previously it had been used only for 
shallow structures such as optical components. A novel method for half-tone mask design 
was implemented, and test structures were produced which illustrated several issues that will 
need be addressed if this approach is going to be used more widely, in particular cone 
formation at low fluence levels and wall angle effects.  
 
The SANS and PGAA activities reported in Chapter 4 were, to the author’s knowledge, the 
first attempts to apply these techniques to SU-8 material. The SANS method revealed the 
existence of nanosized objects within the resin matrix of processed samples which were not 
present in unprocessed SU-8 sheets. Furthermore, a range of defect sizes was observed 
depending on the way the samples had been processed. The PGAA method was used to 
analyse the elemental compositions of SU-8 samples that had been subject to different UV 
exposure and baking cycles. These results indicated that differences in processing did not 
have any significant effect on elemental composition. These preliminary investigations 
demonstrated the potential of neutron-based techniques for analysing the physical and 
chemical characteristics of structural materials in MEMS devices.  
 
The vibration analysis described in Chapter 5 was a first step towards reducing the losses and 
hence improving the performance of the microturbine. The main contribution of this work 
was to establish a set-up for making quantitative measurements of vibration using a laser 
vibrometer. This approach will be used in future work to explore the effects of rotor 
balancing and bearing alignment.  
 
The above work has led to a number of journal and conference publications which are listed 
at the end of this chapter.  
 
6.2 Suggestions for Future Work  
The microturbine project generated many ideas for future work, some of which are outlined 
in the following sections. These are divided into the following categories: microturbine 
performance testing, design improvements, and materials analysis.  
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6.2.1 Microturbine Performance Testing 
Although some basic functional testing of the microturbine was carried out, as described in 
Chapter 1, it was not possible to characterise the device to the point where turbine 
performance maps could be generated i.e. plots showing the device performance under 
different loading conditions. The reason for this was that the integrated electrical generator 
was not capable of loading the turbine to any significant extent. 
 
It would be interesting to test the device more fully, and this would require a test facility in 
which a variable mechanical load can be applied to the turbine shaft. Figure 6.1 shows how 
such a test facility might be configured. Here the turbine is mounted in a straight section of 
tube, with pressure tapping points upstream and downstream to allow measurement of the 
pressure drop across the device. The turbine rotor is mounted on the shaft of an active 
dynamometer which is attached to the turbine housing on the upstream side. In practice the 
dynamometer would probably be a miniature DC or AC motor; this would allow variable 
loading of the shaft and could also provide rotation speed measurement. The inner diameter 
of the tube and the outer diameter of the dynamometer housing are chosen to match the outer 
and inner diameters of the turbine annulus respectively; this avoids any sudden transitions in 
the flow cross-section. 
 
Flow is driven through the system in Figure 6.1 by a variable speed fan, with flow-
straighteners upstream and downstream to remove the fan-induced swirl from the flow. Air 
enters the system through an orifice plate, calibrated so that the volume flow rate can be 
determined from the pressure drop across the plate. An alternative approach would be to feed 
the settling chamber from a controlled compressed air supply with an in-line flow sensor, as 
was done in the initial testing.  
 
A facility such as the one in Figure 6.1 would allow measurement of the input aerodynamic 
power (calculated as Δp·Q where Δp is the pressure drop and Q is the volume flow rate) and 
the output mechanical power delivered to the shaft (Τ·ω where Τ is the dynamometer torque 
and ω is the angular rotation speed) over a range of flow speeds. Separate measurements of 
the bearing losses could be made by evacuating the system (or at least the tube containing the 
turbine) and performing run-down tests under vacuum. This would allow the measured 
turbine performance to be corrected for bearing losses. 
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It would also be of interest to examine the perturbed flow patterns in the wake of the 
microturbine under different operating conditions using particle image velocimetry (PIV) 
[6.1]. In this technique particles carried by the working fluid are illuminated by a “sheet” of 
laser light, and their distribution is captured at intervals by a camera (see Figure 6.1b). For 
this to be feasible the tube downstream of the microturbine would need to be made from an 
optically transparent material, for example Perspex or glass. PIV data obtained in this way 
could be compared with numerical simulations of the turbine operation, and may help to 
inform design changes. For example, it might provide useful insight into the aerodynamic 
effect of the spars that partially block the turbine annulus in the current design.  
 
 
 (a) 
 
 (b) 
Figure 6.1.  (a) Test facility for characterising microturbines. (b) Detail of measurement section 
showing how PIV (particle image velocimetry) might be implemented.  
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6.2.2 Design Improvements 
 
Rotor Blade and Guide Vane Profiles 
The microturbine developed in this project was designed using traditional turbomachinery 
practice, taking into account the anticipated constraints on the minimum blade and guide vane 
thicknesses imposed by the proposed fabrication route. Now that the capabilities of the 
variable aperture machining method are known, it would be interesting to fabricate and 
compare the performances of some alternative blade designs. These would be generated with 
the aid of numerical simulations. The aim would be to improve the turbine performance by 
minimising detrimental effects such as leading edge separation. The effect of introducing 
guide vanes on the outlet side of the rotor could also be investigated; this would be expected 
to reduce wake rotation (swirl in the turbine outflow) when the turbine is operating away 
from its design point. 
 
Another possible avenue of investigation would be alternative laser machining strategies for 
fabricating the rotor blades. Although the variable aperture method works well, it inevitably 
leaves steps in the surface and requires two separate operations for each blade. An alternative 
option would be to machine the blades in the radial direction as shown in Figure 6.2. In this 
case a single, fixed mask carrying the blade cross-sectional profile would be used, and only 
one machining operation would be required for each blade. The rotor would be mounted on a 
rotary stage with its axis horizontal to allow indexing from one blade to the next.  
 
 
Figure 6.2.  Alternative approach for laser machining blade profiles using a fixed mask.  
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Rotors produced by the process in Figure 6.2 would necessarily be unshrouded i.e. without an 
outer rim linking - and protecting - the blades at their tips. This would inevitably make them 
more delicate and prone to fracture, and it might be necessary to metallise them by 
electroplating to improve their robustness. However, it could potentially offer several 
advantages. In addition to eliminating the surface stepping produced by the variable aperture 
method, it would allow rounded leading and trailing edges to be produced at the same time as 
the main concave and convex surfaces. It would also be easier to implement, in principle 
requiring only a single alignment operation at the start of the process. Finally, it might allow 
thinner blades to be produced. The minimum thickness with the variable aperture process was 
limited by thermal effects towards the end of the process when the material beneath the 
ablation site was very thin. With radial machining as in Figure 6.2, ablation is always 
occurring on the end of a relatively wide block of SU-8, so thermal conduction away from the 
ablation should be much more effective. 
 
Bearings 
From initial testing of the prototype turbines it was clear that improvements to the bearings 
will be required in order to reduce losses and increase lifetime. This was confirmed by the 
measurements in Chapter 5 which showed significant vibration of the rotor and a short run-
down time. A major issue with the present arrangement is that, although the ball bearings are 
pre-loaded when the device is clamped together, the pre-loading force is unknown and not 
well controlled. Bearings are generally designed to operate under specified load conditions, 
and either insufficient or excessive loading will lead to increased losses and wear. 
 
A test fixture was described in Chapter 5 that allows a pre-load to be applied by conventional 
springs. The springs act on the outer ring of one bearing, while the outer ring of the opposite 
bearing is subject to an equal and opposite reaction force from the enclosure. This 
arrangement should result in less rotor wobble during operation. While this solution will be 
helpful for testing, in the longer term it would be desirable to integrate the pre-loading 
mechanism into the MEMS device. This could be done by thinning down the spars that 
support the bearing on one side so they act as flexure springs, as shown in Figure 6.3. With 
this arrangement the applied pre-load could be adjusted by varying the width of the SU-8 
spacer between the stators. 
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Figure 6.3.  Possible mechanism for applying a control pre-load to the bearings, using the silicon 
spars as flexure springs.  
 
In addition to optimising the performance of conventional ball bearings, it would be 
interesting to explore the use of other bearing types. Much work has been done on non-
contact bearings based on electrostatic, magnetic or hydrostatic levitation [6.2-6.4]. These 
have the potential for extremely low losses and long lifetime; however, they all require 
relatively complex control systems and an auxiliary supply of pressurised gas and/or 
electrical power, rendering them unsuitable for energy harvesting applications. Aerodynamic 
bearings avoid these complexities but work only at extremely high rotation speeds.  
 
One class of bearing that should be investigated is the jewel bearing [6.5]. This type of 
bearing has been used successfully in larger microturbine devices [6.6]. Figure 6.4 shows 
how a commercial Vee type jewel bearing might be integrated. The rotor is mounted on a 
steel pivot that is tapered at each end, and the bearings are glued into the stators on each side 
in place of the ball bearings. Longer term it may be possible to fabricate jewel bearings 
directly in the silicon by etching a suitable cavity and depositing a hard coating such as 
aluminium oxide. Commercial jewel bearings are typically based on ruby bearing elements, 
and can achieve exceptionally low frictional losses; their long term performance in 
microturbine applications has not yet been demonstrated, but this is an interesting area for 
future work. 
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Figure 6.4.  Integration of Vee type jewel bearings in place of ball bearings. 
 
6.2.3 Materials Analysis 
The SANS work described in Chapter 4 revealed nano-structural differences between SU-8 
samples that had been processed in different ways, and it would be interesting to expand this 
work into a more complete and systematic study. In particular, experiments would be carried 
out aimed at isolating and quantifying the effects of different process parameters on the 
SANS curve. The main process parameters of interest would be the UV exposure time and 
the temperature cycles for pre- and post-exposure baking. The effect of laser ablation on the 
cross-linked material could also be further investigated. 
 
In parallel with the SANS investigation, it would also be useful to carry out tensile testing on 
the samples to see whether differences in the nanostructure are correlated to changes in the 
elastic properties. A preliminary experiment was performed along these lines, using an 
Instron model 5565 tensile tester (see Figure 6.5). The pull capacity of this machine can be 
varied from 10 N to 1 kN depending on the load cell employed. For testing the SU-8 samples 
the 10 N load cell was used as this had adequate capacity and the highest sensitivity (down to 
100 µN). Unfortunately the results were inconclusive because the SU-8 samples were flat and 
could not be adequately clamped by the machine. Samples for tensile testing are normally 
“dog-bone” shaped and SU-8 samples with this shape can be fabricated for future work.   
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 (a) (b) 
Figure 6.5.  (a) Instron 5565 tensile testing facility. (b) Sample clamping arrangement for attempted 
tensile test on SU-8 samples.  
 
6.3 Publications by the Author 
The following is a list of publications arising directly from the work reported in this thesis. 
 
Journal papers 
1. G. Hong, A.S. Holmes, M.E. Heaton, “SU8-plasma etching and its optimisation”, 
Microsystem Technologies, vol. 10, no. 5, pp. 357-359, 2004.  
2. M.E. Heaton, “Laser micro machining for smooth continuous 3-D contouring for micro 
airflow blades for a MEMS turbine”, Journal of Laser Micro/Nanoengineering, vol. 2, 
no. 3, pp. 216-220, 2007.  
3. M.E. Heaton, M. Rogante, A. Len, “A feasibility study for a SANS investigation of a 
heat cured and laser machined organic resin microturbine as used for airflow sensing”, 
Multidiscipline Modeling in Materials and Structures, vol. 4, no. 2, pp. 155-162, 2008. 
4. M.E. Heaton, M. Rogante, Zs. Kasztovszky, D. Denieffe, “Prompt gamma activation 
analysis of impurity and elemental stability for two SU-8 organic polymer samples 
having different solidification pre-treatment”, The Open Inorganic Chemistry Journal, 
vol. 3, pp. 33-38, 2009. 
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5. M.E. Heaton, M. Rogante, A. Len, D. Denieffe, “Investigation of the processing effects 
of UV, heat and laser ablation on SU-8 microturbines: a first approach by small angle 
neutron scattering”, Multidiscipline Modelling in Materials and Structures, vol. 6, no. 3, 
pp. 364-372, 2010. 
 
Conference papers 
6. A.S. Holmes, M.E. Heaton, G. Hong, K.R. Pullen, P.T. Rumsby, “Laser Profiling of 3-
D Micro-turbine blades”, SPIE vol. 5063, Proc. 4th International Symposium on Laser 
Precision Microfabrication, LPM2003, Munich, Germany, 21-24 June 2003, pp. 152-
156. 
7. G. Hong, A.S. Holmes, M.E. Heaton, K.R. Pullen, “Design, fabrication and 
characterization of an axial-flow turbine for flow sensing”, Proc. Transducers '03, 
Boston MA, USA, 8-12 June 2003, pp. 702-705. 
8. M.E. Heaton, Laser Machining for smooth continuous 3-D contouring for micro airflow 
blades, SPIE vol. 5824, Proc. Opto-Ireland 2005: Nanotechnology and Nanophotonics, 
Royal Dublin Society (RDS), Ballsbridge, Dublin, Ireland, 4 -6 April 2005, pp. 216-
223. 
9. M.E. Heaton, M. Rogante, A. Len, “A feasibility study for a SANS investigation of a 
heat cured and laser machined organic resin microturbine as used for airflow sensing”, 
Proc. Int. Conf. on Materials, Energy, Design MED06, DIT, Dublin, 14-17 March 
2006, pp. 105-111. 
 
Conference presentations 
10. G. Hong, A.S. Holmes, K.L. Boehlen, M.E. Heaton, "Laser Micromachining of 3-D 
Parts for Microturbines," 3rd Int. Symposium on Laser Precision Microfabrication, 
LPM2002, Osaka, 27-31 May 2002. 
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